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aJKMEKT TO USERS 



in the upper right-hand corner of each Kastery Test you will find the "pass'* 
and ''recycle** tenas and a row of nurbers '*1 2 3 to facilitate the 

grading of the tests. We Intend that you indicate the veakness of a student 
yho is asked to recycle on the test by putting a circle around the nuober of 
the learning objective that the student did not satisfy- This procedure will 
enable you easily to identify the learning objectives that are causing your 
students difficulty- 



COMMENT TO USERS 

It is conventional practice to provide several review ^nodules per sei&ester or 
quarter, as confidence bulldets, learning opportunities, and to consolidate what 
has been learned- You the Instructor should write these mdules yourself. In tercis 
of the particular weaknesses and needs of your students- Thus, we have not supplied 
review niodules as such with the CBF Modules- However, fifteen sample review tests 
were written during the Workshop and are available for your use as guides* Flease 
send $1*00 to CBP Modules, Behlen Lab of Physics, University of Kebraska - Lincoln, 
Nebraska 68588- 



FINIS 

This printing has coinpleted the initial CBP project. We hope that you are finding 
the iBaterlals helpful in your teaching* Revision of the isodules is being planned 
for the SuTdner of 1976, We therefore solicit your comments, suggestions, and/or 
corrections for the revised edition. Please write or call 
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STUDY 60IDE 



DlRECr-CURRBiT CIRCUITS 

IKTRODUCTIOII 

Oneway to help you understand a new phenomenon is to show you that it is like 
sosiethinq that you are already fantiliar with. This method is used very frequently 
in physics, e*g.> the electric field is like the gravitational field* This nioduTe 
will introduce you to a simple class of RC circuits in which there are currents, 
charges, and voltages that decay exponentially. This may be your first detailed 
study of exponential decay, but it is like (analagous to} radioactive decay, 
Newton*s law of cooling, the final depletion of a natural resource, the decrease 
in atmospheric pressure with altitude^ and sonie other interesting phenomena. 
With a sign change, it is like a simple model of exponential growth, which is 
how population^ energy consumption, and pollution generation seem to be growing* 
The module begins, however, with a few simple ideas applied to direct*current 
circuits* These are the basic ideas upon which you will later build an under- 
standing of alternating-current circuits. This course will not cover electronics, 
but it will provide some of the introductory concepts that are needed for a study 
of electronic devices and circuits- 



PREREQUISITES 



Before you begin this module. 


Location of 


you should be able to: 


Prerequisite Content 


*Apply Ohm's law to find potential difference from 


Ohm's Law 


current and resistance (needed for Objective 1 of 


f^dule 


this module} 




*Find potential difference of a capacitor from 


Capacitors 


charge and capacitance (needed for Objective 4 of 


Module 


this module} 




*Flnd the pov/er developed in a resistor (needed for 


Ohm's Law 


Objective 1 of this module} 


Module 
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lE/tRHiKS OMECriVES 

After you have isastered the content of this module, you mil be able to: 

K Loop equation - Analyze a single-loop direct-current (dc) circuit consisting 
of resistances and a seat of emf w find the loop current, the power developed 
in the circuit elenients, and the teminal potential difference of the seat of 
en3f, 

2. Equivalent resistance - Deteraine an equivalent resistance for a series or 
parallel con^bination of resistances. 

3. RC-loop equation - Write the differential equation for a single RC loop, and 
verify that particular assumed solutions satisfy this equation, 

4. Exponential decay - Mrite the equation for the current, charge or voltage 

of a capacitor as a function of tinie in a single RC loop, and manipulate this 
equation to determine the value of one of the parameters when an appropriate 
set of other values is given- 
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TiXT; Frederick J. Bueche, Introduction to Physics for Scientists and Engineers 
(KcGraw-Hill, Hew York, 1975), second edition 

SUS6ESTE0 STUPy PROCEDURE 

Study the text. Chapter 21, Sections 21.8 and 21.10, and Chapter 22, Sections 
22.1, 22.2, 22.3, and 22.4. Then read General CooEsent 1. Study Problems A and 
B of this study guide; then work Problei) F and Problems 2, 4, 7, and 9 of Chapter 
22 in your text. Study Sections 21.11 and 21-12 of the text; then read General 
CoOTent 2. Study Problems C, 0, and E and work Problems G and H. TTien work 
Problems 18, 19, 20, and 21 in Chapter 21. 

VJhen you think you have mastered the four learning objectives, take the Practice 
Test. If you need nore help, work the Additional Problans before taking a Mastery 
Test. 



BUECHE 



Objective 
{Jumber 


Readings 


Problems with 
Solutions 


Assigned Problans 


Additional 
Problems 






Study Text 
Guide 


Study 
Guide 


Text 




1 


Sees. 21-8 to 21.10, 
22.2, General 
Comment 1 


A Illus,^ 
22.1 


F 


Chap. 22, 
Prob. 9 


Chap. 22, Probs. 
11, 14 


2 


Sec. 22.1, General 
Comment 2 


B 


F 


Chap. 22, 
Probs. 2, 
4, 7 


Chap. 22, Probs. 
1, 3, 5, 6, 20 


3 


Sees. 21.11, 21.12 


C 


G 






4 


Sees. 21.11, 21.12 


D, E 


K 


Chap. 21, 
Probs. 18, 
19, 20, 21 


I, 0 



^Illus. = Illustratlon(s). 
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HXT: David Halliday and Robert Resnick, Fundamentals of Physics (Miley, (lew 
York, 1970; revised printing, 1974) 

SUGGESTED STUDY PROCEDURE 

Study Chapter 28, Sections 28-1 through 28-5 in the text. Then read General Cotn- 
ment 1 of this study guide. Study Problems A and B of this study guide before 
working Problems F and 5, 6, 7, and 20 of Chapter 28. Then study Section 28-6 
and read General Coiiment 2. Study Problans C, D, and E before working Problans 
G and H and 32, 35, 36, 37 in Chapter 28. 

Try the Practice Test, and work some of the Additional Problems if you have any 
difficulty, before taking a Mastery Test. 



HALLIDAY AND RESNICK 



Objective 
Nuihber 


Readings 


Problems with 
Solutions 


Assigned Problems 


Additional 
Problems 




Stutiy 
Guide 


Text 


Study 
Guide 


Text 
(Chap. 28) 


(Chap. 28) 


1 


Sees. 28-1 to 
28-5, General 
Comment 1 


A 


Ex.^ 
2, 3 


F 


5, 6, 7 


1, 2, 3, 4, 8, 
9, 10, 11, 12, 
13, 14 


2 


Sees. 28-3, 28-5, 
General Conunent 2 


B 


Ex. 
1, 4 


F 


16, 20 


15, 17 


3 


Sec. 28-6 


C 




G 






4 


Sec. 28-6 


D, E 


Ex. 5 


H 


32, 35 
36, 37 


31, 33 , 34 , 38, 
39, 4C, 41; 
I, 0 



^Ex. = Exan^le(s). 
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TEXT: Francis Heston Sears and Hark M. ZemansKv, University Pftysics (Addison- 
Kesley, Reading, Mass., 1970), fourth edition 

SUGGESTED STUDY PROCEDURE 

Study Chapter 28, Sections 28-5, 28-6, 28-7, and Chapter 29, Sections 29-1 through 
29-6. Then read General Caisnent 1 of this study guide. Study Problens A and B 
and the Examples in Sections 28-5, 28-7, and 29-1 before working Probl&n F in this 
study guide and Problems 28-14, 28-15, 28-23, 28-24, 29-3, 29-4, and 29-6 in the 
text. Kext study Section 29-7 {especially the Example), General Coimient 2, and 
Problems C, D, and E before working Problems G, H, I, J, and 29-35. 

Try the Practice Test, and work soine of the Additional Problems if necessary, 
before taking a IJastery Test. 



SEARS ATJO ZEHAHSKY 



Objective 
Nuir&er 


Readings 


Problems with 
Solutions 


Assigned Problems 


Additional 
Problems 






Study 
Guide 


Text 


Study 
Guide 


Text 




1 


Sees. 28-5, 
28-7, 
General 
Comment 1 


A 


Sec- 28-5, 
Ex. a 1 to 
5; Sec. 
28-7, Ex. 
1 to 4 


F 


28-14, 
28-15, 
28-23, 
28-24 


28-16, 28-17, 
28-18, 28-20, 
28-21, 28-22 


2 


Sec. 29-1, 
General 
Comment 2 


8 


Sec. 29-1, 
Ex. 


F 


29-3, 
29-4, 
29-6 


29-1, 29-2, 
29-5, 29-7, 
29-8, 29-9, 
29-10, 29-11 


3 


Sac. 29-7 


C 




G 






4 


Sec. 29-7 


D, E 


Sec. 29-7, 
Ex. 


H, I, 
J 


29-35 


29-33, 29-34 



Ex. = Examp1e{s). 
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TEXT: Richard T. Meidner and Robert L. Sells, Elementary Classical Physics 
(Allyn and Bacon, Boston, 1973), second edition. Vol . 2 

SUGGESTED STUDY PROCEDURE 

Study Chapter 28, Sections 28-1 through 28-5, and read General Conmient 1. Study 
Problems A and B before working Problem F In this stut^y guide and Problems 28-1 
through 28-6 and 28-10 in your text- Next study Section 27-7, and read General 
Comment 2. Study Problems C, D, and E. Then work Problems G, H, I, and J and 
27-24- 

Try the Practice Test and work some Additional Problems if necessary, before 
taking a Mastery Test. 

WEIDNER AND SELLS 

Objective Problens with Assigned Problems Additional 
Number Readings Solutions Problems 

Study Text Study Text 
Guide Guide 



1 


Sees. 28-1, 28-2, 
28-4, 28-5, 
General Comment 1 


A 


Ex.^ 28-1 


F 


28-1 to 28-5 




2 


Sec. 28-3, 
General Comnent 2 


B 


Ex. 28-2 


F 


28-6, 28-10 


28-7, 28-8, 28-9 


3 


Sec. 27-7 


C 




G 






4 


Sec. 27-7 


D, E 




H, I 
J 


27-24 


27-25, 27-26 



^Ex. - £xample(s)- 
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GENERAL COMMENTS 

1- The Loop Equation 

The suggested procedure begins with a discussion of a seat of emf and the dis- 
tinction between an emf and a potential difference. Next, the loop equation is 
introduced and a sign convention established so that the equation can be applied 
to particular circuits. The loop equation goes under a variety of aliases - loop 
theorem, Kirchhoff's loop rule, etc., and is an application of the conservation 
of energy. The main difficulty that you may have in applying the loop equation 
will probably be in correctly using the sign convention. There are four differ- 
ent directions (polarities) that are involved, and you need to be sure that you 
understand these differences among them. First , there is the direction of an 
emf which is independent of the direction of any current flowing though the 

seat of emf and may be represented by an arrow 0 ^ and/or the battery symbol 

_±„j . The second d irection is the direction of the potential difference 

across a resistor or between two points in a circuit. Note that V^j^ " ^a " ^b " 
- V^) = -Vjj^, and that the potential drop across a resistor does depend on 
the direction of current flow through the resistor. The terminal of a resistor 
at which the current enters is at a higher potential than the terminal from which 
it leaves. The third direction is that in which the current flows in a particular 
circuit element. Clearly, you must (enow the current direction in a resistor be- 
fore you can determine the sign of the potential difference across a resistor, 
and just as clearly you frequently do not (enow the current directions at the be- 
ginning of solving a problem. The paradox is only apparent; simply assume a 
direction for each current and any wrong assumptions will simply result in a 
negative value for each wrong assumption. Be sure, however, to mark your assump- 
tions on a circuit diagram so that you will use it consistently. The fourth 
direction is the one you adopt to traverse a loop in applying the loop equation. 
This direction is arbitrary and is not usually indicated on the circuit diagram. 
To make the opposite choice, simply change the sign of each term in the loop equa- 
tion. If you do not understand the distinctions among these directions, return 
to your stuc^ of the text and examples until you do. 

Your text discusses a number of applications of the loop equation, including many 
cases of two connected loops. These circuits add another equation that results 
from the con:^ervation of charge. You should stuc^ these sections as applications 
of the loop equation, but you will not be tested on multiple-loop circuits requiring 
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the solution of simultaneous equations. This exception does not include series 
and parallel resistance combinations, which you wi11 be expected to reduce to 
a single equivalent resistance. The important thing to remember, both for de- 
riving the expressions for equivalent resistance and for applying the expressions 
to simplify a circuit, is that a set of resistors is in series if the same cur- 
rent flows through each of them, and it is in parallel when the same potential 
difference appears across them- 



2. Application of the Loop Equation 



In this section we v/ill consider a further application of the loop equation. 
When the loop equation is applied to a circuit with resistors and capacitors, 
the resulting equation is not simply an algebraic equation, but is a differen- 
tial equation chat has an implicit time dependence as a result of the inter'- 
dependence of the charge (Q) and current (I - dO/dt). The solution of this 
differential equation is not a number but a time-dependent function. In this 
course, we will not deal with the mathematics of solving such equations, but 
we will learn the general form of the solution and then check the solution to 
see if it satisfies the differential equation. "Satisfies" means that when we 
substitute all pertinent derivatives of the proposed solution fnto the differen- 
tial equation we get an identity or an expression that can be made into an iden- 
tity by renaming some constants, and we thus have verified the solution- This 
procedure was used in discussing traveling waves and in discussing simple har- 
monic motion. 

The solutions of this module for RC circuits are of two types, one for charging 
a capacitor, the other for discharging a capacitor, respectively; 

Q = £C(1 - e"'^^*-) and Q - Qge''^^*^. 
Each of these can be directly related to the voltage on a capacitor: 

V^. - £(1 - e"'^^*^) and V^. - Vge"'^^*^. 
Both can also be related to a decreasing current 

, . da , (!o,,-t/RC , . da , .(!o,e-VRC. 

PROBLEM SET WITH SOLUTIONS 

A(1)- In the circuit shown in Figure 1 8^ = 8.0 V, - 6,0 V, r^ - 1.00 fi, 
- 2,00 fi, and R - 4,0 0- Find the terminal voltage and the output 
power of each battery and the heat generated in the 4-0-fi resistor, 
(The resistances r-j and r2 represent the internal resistances of £| and 

12 
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Solution 

To begin the problem we need to find the current that will flow In the loop. 
This can be done by applying the loop equation starting at a and proceeding 
clocbfise, noting that both emfs are in the positive sense as we traverse the 
loop and that we have assumed the current direction shown In the figure: 

£2 - + - Ir^ - IR = 0. 
This equation can be solved for the current: 

8.0 -f 6.0 



I = 



hlh. 



r, + rg + R 



2.00 + 1.00 + 4.0 



2.00 A. 



Ariy real battery consists of a seat of emf and an internal resistance, and we 
cannot have access to these separately. The terminal voltage of Is the 
potential difference between a and b: 

^ba ' ^b " ^a ^ ^2 " ^^Z ' " (2-00)(2.00) = 2.00 V. 

Similarly, 

Vjj^ = Vjj - = &, - Ir^ = 8.0 - (2.00)(1.00) = 6.0 V. 

The power delivered to the external circuit is Just the product VI, hence 

Po = (2.00) (2.00) = 4.0 M, 

and the heat generated in the 4.0-n resistor is 

P = I^R = (2.00)^(4.0) = 16.0: W, 



- Pi = (6.0)(2.00) = 12.0 W, rg 



which is conveniently the sum of the power supplied by the two batteries. Note 
also that emf Is supplying Sgl = (6.0)(2.00) - 12.0 W, but (2.00)^(2.00) ^ 
8.0 W is generated as heat within the battery. 



Figure 2 




20 n 
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B{1, 2). For the circuit shown in figure 2 find the equivalent resistance of the 
resistance network, and find currents 1^ and I^* 

Solution 

Such network prob1&t)s frequently appear tnore imposing than they really are- To 
solve this problem begin by confining any series or parallel combinations that 
you can identify and redraw the circuit as ^u go* Remember that the connecting 
lines represent wires with negligible resistance and can be rearranged any lay 
that has an appearance that you like and preserves the electrical connections* 
This is not a general method, and there are resistance networks that cannot be 
reduced by these simple series-parallel equations* 

You should find that the resistors to the left of the battery reduce to 6*0 A 
and those to the right to 12*0 fl; these in turn are in parallel and equivalent 
to one resistor of 4*0 ii. Thus, = 72/4*0 = 18,0 A, The parallel capi)ination 
of 9.0 n and 18,0 n is equivalent to 6*0 n, i^ich is in series with the original 
6.0-n resistor across the 72-V emf* Thus the potential difference across the 
9,0-n and 18,0-n parallel combination is 36 V, and the current Ig = 36/18*0 = 
2.00 A. 

C(3), For the circuit shown in Figure 3 the loop equation gives C - IR * q/C 

= 0, which with I - dQ/dt leads to a differential equation: C = R(dq/dt) 
+ Q/C, Show that Q = K(l - e"'^^^) is a solution* 

Solution 

To verify a solution we substitute it Into the differential equation* If an 
identity results, the expression is a solution* First we find the derivative 

dQ/dt = +K(l/RC)e"'^^*' 

and substitute it and the expression for Q into the differential equation 

£ = R[(K/RC)e^'^^^ + (K/C)(l - e"'^^*-); 

then 

Figure 3 

which will be an identity if K - &C- Thus , 
Q - fiCd - e'^^^) is a solution. 
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0(4). For the circuit shown in Figure 4 find the voltage across the capacitor 
at 1.20 s after the switch is closed. 

Solution 

From the previous exainple the charge on the capacitor at any tic% is 

Since the voltage on the capacitor is = q/C, 

= (£C/C)(1 - e"*/*^) = (100 y)(l - e"*/*^-^^ 

where the time constant RC = (3.00 x 10^)(2.00 x 10"^) = 0.60 s. At t = 1.20 s, 

= (100 V)n - e'^-^/^-^ ^) = (100 V)(l - 1/e^) = 8.6 V. 



E(4). For Hie circuit shown in Figure 5 the switch was placed in position a for 
a long time and then quickly moved to position b; 12.0 s l?ter the voltage 
across the capacitor was 1.00 V. Find the value of the capacitor. 



2.00 jjF 




3x lo^n 



Figure 4 Figure 5 



Solution 

FrcMD the circuit we can conclude that the time constants for charging and dis- 
charging are about the same. Thus we can assunie the capacitor was fully charged to 
8.0 V when the switch was moved to b and we can write 

= Ce-*/«^ = S.Oe-t/lO^*:, 
and for the problem values 

i.oo = (8.o)ri2-''/i''^':. 

To evaluate C we take the natural logarithm of this expression. Rewriting it slightly 
first we have 

15 



STUDY GUIDE: Direct-Current Circuits 9 
g-12.0/10^C ^ p 125^ -12.0/lO^C = In 0.12S, 

C = -12/(10^ In 0.125) = 5.8 x 10"^ F = 5.8 yF. 

With a scientific calculator this evaluation is straightforward. However, for 
purposes of approxiination man^ physicists like to estiniate exponentials in terms 
of half-lives, and we note here that the reduction from 8.0 to 1.00 V represents 
the passing of three half-lives: 



Thus the half-life is 4.0 s in this problen. For the expression V = V^e 
we take 



-t/RC 



V = yz at t = t,^2, V(,/2 - V(,e 

Again taking natural logarithms of both sides, we find 
ln(l/2) = -ty2/^Z and t^^g ' ^" ^.0 = 0.69RC. 
Thus in this case RC - 4.0/0.69 s and C = 4/(10^X0.69) = 5.8 x 10"^ F. 

ProbletRS 

F(l, 2).. For the circuit shown in Figure 6 find the current I, and the pcwer dissi- 
pated in the 17.0-fl resistor. 

6(3). For the drcuit shown in Figure 7 write the differential equation for the 

voltage on the capacitor, if the voltage was at t = 0. Show that V = 
-t/RC 

Vpe ^ is a solution for your differential equation. 



Figure 6 



Figure 7 



34 S2 
rAAA-i 

85n I 

LaaaJ 



30 V T 



AAA 

17S2 
5S2 

AAA 



1^ 



X 
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H{4). The switch in Figure 8 is left in position a for 2.00 h, then moved to 
position b. 

(a) What is the charge in the capacitor 12.0 s after this is done? 

(b) Two hours later^ it is moved back to position a. What Is the charge 
after 12.0 s now? 

1(4). iihat is the current froiu the battery Figure 9 5.0 s after the switch 
is closed? 

J(4}. Uote that the circuit shown in Figure 10 can be analyzed in terms of 
series-parallel coiEbinations of resistors, plus a capacitor. 

(a) When the switch is first closed, the currents in vanous parts of 
the circuit change with tinie, as the capacitor charges up. But after 
a few seconds^ the currents settle do^n to quite steady values. What 
is the steady current being drawn front the batteiry? 

(b) What is then the potential across the capacitor? 

(c) The switch is now opened. What is the potential across the capacitor 
after 30.0 ms? 



t/RC 



Sol utions 

F(l, 2). I = 2-00 A. P^y p = 23.5 M. 

6(3). R(dQ/dt) + Q/C = 0. Q = VC = Vpe 

H(4). (a) 22.0 yC. (b) 38 pC. 
1(4). 28.0 liA. 

J(4). (a) 0.300 A. (b) 18.0 V. (c) 12.0 V. 
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Figure 9 

2. Ox jo^n 

« — ^AA- 



200 V 2.0hF 

^AA■ 



^=1.0 fiF 

J 



3. Ox 10°Cl 



Figure 10 
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STUDY GUIDE: Direct-Current Circuits 



PRACTICE TEST 

1- (a) For the circuit shown in Figure 11 find the current in the 5,0-n resistor, 

(b) Find the terminal voltage of the 24.0-V battery, V . (emf = 24.0 V; 
internal resistance = 1-00 £i), 

2* It has been suggested that an appropriate differential equation for the circuit 

shown in Figure 12 is RQ = C - (l/C)(dQ/dt). If this is true with the switch 

t/RC 

Closed* show that Q = QM - e'^ ) is a solution; if it is not true* correct 

-t/RC 

the equation, and then show that Q = Qg(l - e ^ } is a solution. 

3- A capacitor is charged to 10*0 V and then connected in series with a resistor 
of 10^ fi. After 100 s the voltage on the capacitor is 2.50 V, Find the 
value of the capacitor* 

Figure 11 Figure 12 




'p36uet|0K3 aq pLnot|s uoi:),enb3 Lei:),u3J3^^].p 3t|:), ui :).p/bp puP D *Z 

'A O'ZZ (q) 'tf OO'Z (e) U 
18 sjawsuy q,sai aoiq,oeu<f 



DIRECr-CilRREflT CIRCUITS 
Mastery Test Form A 
Name 



Date 



pass recycle 
12 3 4 
Tutor 



1, For the circuit shown In Figure 1; 

(a) Find the current in the 10,0-fl resistor, 

(b) Find the potential difference V^^. 

(c) Find the total power generated in the 12-0- and 24,0'fl resistors together. 




2- The circuit shown in Figure 2 had the switch in position A for a long time. 
At t = 0 it was moved to position B- 

(a) Is the following a correct differential equation for t > 0: 



£ - R(dQ/dt) - Q/C ^ 0? 

-t/RC 

(b) If your answer was "yes," show that Q = £Ce is a solution. If your 

-t/RC 

answer was "no/* make the appropriate changes and show that Q - £Ce is 
a solution, 

5 

3- A lOO'V battery, an uncharged 200-iiF capacitor, and a 5,0 ^« 10 n resistor are 
connected in series at t - 0, Find the potential difference across the capa- 
citor at t = 200 s. 
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DIRECT-CURRBIT CIRCUITS 
Kastery Test form B 



Date 



pass 
1 2 
Tutor 



recycle 
3 4 



1* For the circuit shown in Figure 1: 

(a) Find the current in the 1,00-0 resistor, 

(b) Find the tenninal voltage V2 (C = 29,0 V» internal resistance 0,50 

(c) Find the power supplied to the external circuit from terminals of V.,. 




1^2 



2, The circuit shown in Figure 2 had the switch in position A for a long time. At 
time = 0 it was moved to position B. 

(a) Is the following differential equation true for t > 0: 
(l/C)(dQ/dt) + RQ = 0? 

(b) Show that V - Vpe ^"^^ is a fom of the solution of either the above equa- 
tion or a corrected version of it, 

2, A capacitor of 20,0 jiF is fully charged to a potential difference V and quickly 

5 

connected to a series resisto/ of 10 The first measurement of the current 
that can be made is 3,0 x 10 A at t - 4,0 s- Find the value V» the poten- 
tial difference across the capacitor at t - 0, 
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OIRECT-CURRENT CIRCUITS 
Mastery Test Fom C 
NaiGe 



Oate 



pass 

1 2 
Tutor 



recycle 
3 4 



K For the circuit shown in Figure 1; 

(a) Find the indicated current I, 

(b) Find the terminal voltage {£ - 24 V, internal R ^ 1.00 a). 

(c) Find the power generated in resistor R^* 



Figure 1 Figure 2 




2« After a long time in position B the switch in the circuit shown in Figure 2 
was moved to position A at t « 0. 

(b) Does the following differential equation represent the circuit for t > 0; 



C = -(dQ/dt)R - Q/C? 

(b) Show that Q = Qg(l - e^^^^^) is a solution of either the above equation or 
a corrected version of it, 

3. A capacitor of 10.0 pF has a charge of and Is connected In series with a 
resistor R at t ^ 0. Find the value of the resistance R so that the charge on 
the capacitor will decrease to about 0,050Q^ within lO s* 
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OIRECT-CURREHT CIRCUITS 



MASTERY TEST GRAOIHG KEY - Form A 

1- What To Look For : (a) Correct answer, (b) You may note that the easiest 
way to get the answer is from an intermediate step at which I't is clear that 
the current through the 10.0-fi resistor Is 1.00 A, hence = 10.0 V. The 
I'n^li'ed 24.0 - (7.0)(2.00) = 10.0 V is, of course, acceptable, (c) The simplest 
calculation Is, of course, from the equivalent resistance, 8.0 n and current, 
1.00 A. 

Solution : (a) 1.00 A. (b) 10.0 V, (c) P « A = 1^(8) = 8 W. 

2. What To Look For : (a) If the answer is simply "no" ask "why"? (b) Be sure 
the correct differential equation is given and that the derivative is correct 
and the substitution is correctly done. 

Solution : (a) The equation is not correct. It is for the switch in position A, 
The equation for position B is 

R(dq/dt) + Q/C - 0. 

(b) Q « CCe"*^^*^, dQ/dt « -(C/ROe""*-^^*^ 
Substituting in above equation, we find 

(RCC/RC)e"'^^*' + £Ce''^^*'/C = 0, -Ce''^^*' + Zq~^^^ = 0, 

which IS an identity; therefore Q SCe ^ a solution. 

3. Mhat To Look For: If the answer is incorrect check to find out if the 
equation was wrong or if the student niade an error In numerical computation. 

solution: V = V,(l - e-'-^^^^j , _ ^-200/100, , ^ 
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DIRECr-CURREfiT CIRCUHS 8-1 
MASTERY TEST GRADING KEY - Form B 

1. VJhat To Look For : (a) Check nicnerical answer, (b) The result should follow 

easily from (a). If part (a) is wrong, check work to see if a correct value of 

1 would give the right answer, (c) Probably most easily calculated fran^ V.I, but 

2 

also acceptable is £1 - I R. 

Solution : (a) 6.0 A, (b) 17,0 V. (c) 6.0 «. 

2. What To Look For : (b) Check for the correct differential equation, correct 
derivative dQ/dt, and correct substitution of one into the other. 

Solution: (a) The equation given is Incorrect. It should be 

R(dQ/dt) + Q/C = 0. 
(b) V = Q/C ^ y^e'^^^^, Q = CVpe^*''*'', dQ/dt = -(CVp/RC)e^*''''', 
Substituting, we find 

-(RCVp/RC)e^*''''' + (l/C)CVpe'*''''' - 0, 

-t/RC 

which is an identity; therefore V = Vpe is a solution, 

3. What To Look For : If the answer is incorrect check to find out if the equa- 
tion used was wrong or if the numerical evaluation was incorrect. 

Solution: I = (V/R)e" 

V = ine-^^^^ = (3,0 - 10-^)(105)e^-f/2.00 ^ 
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DIRECT-CURREfiT CIRCUITS 



C-1 



MASTERY TEST GRADIHG KEY - Form C 



1. What To Look For : (a) Correct answer, (b) Neither 24 nor 23.5 are correct, 
(b) and (c) If the answer in (a) is wrong, check to see if the work is correct. 

Solution: (a) 0.50 A. (b) V = £ + IR = 24.5 V. (c) P = I^R = (1/4)^(4) = 0.250 H. 

2. What To Look For : Check for a correct differential equation, correct differ- 
entiation and correct substitution into the differential equation. 

Solution : (a) The equation does not represent the circuit. It should be 

C - R(dQ/dt) - Q/C = 0. 

Substituting* we find 

^ RC ^ ^ C X 
which IS . an identity if = £C. 

3. What To Look For : If the answer is incorrect, check to see if the equation 
was chosen or used incorrectly or if the numerical evaluation was wrong. 



Solution : Q = QqB^^^^^^ -Q/Qq = g^'^^''. 



«3 

In Q/Q = -t/RC, R - -r-nrnTfT = r mffl /n\ = ~^5 — = 33 SI. 

0 C in Q/Qq C inlQg/O) ^0-5 1^(1 00/0,050) 
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Module 

STUDY GUIDE 



1 



MAGNETIC FORCES 



PITRODUCTIOH 

It may surprise you to learn that the conversion of electrical energy to mechanical 
work in electric motors or stereo loud speakers is seldom done by electrostatic 
forces (Coulomb's law). Magnetic forces associated with moving charges (currents) 
are the basis of most electromechanical devices. In analogy with the electrostatic 
case, we introduce an intermediary called the maflnetic field . This module considers 
the forces on currents or moving charges in a magnetic field; the module Ampere's 
Uwwill show how magnetic fields are generated by currents. 



PREREQUISITES 



Before you begin this module, 
you should be able to: 



Location of 
Prerequisite Content 



^Calculate vector products (needed for 
Objectives 1 throijgh"4 of this module)" 

*Define electric charge and field (needed 
for Objectives 1 and 4 of this module) 

*Define current in terms of carrier density 
and velocity (needed for Objectives 2 through 
'4 of this module) 



Vector Multiplication 
" Module 

Coulomb's Law and the 
Electric Field ftodule 

Ohm's Law 
Module 



LEARNING OBJEaiVES 

After you have mastered the content of this module, you will be able to: 

1. Magnetic force - particles - Calculate the force on a moving charged particle 
in a uniform magnetic field; for the case of ? perpendicular to f, find the 
radius and/or frequency of the resulting circular orbit, 

2. Magnetic force - wires - Calculate the force on a current-carrying wire in a 
uniform magnetic field. 

3. Magnetic dipole - Calculate the magnetic moment of a current loop; use this 
to determine the torque on such a loop in a uniform magnetic field. 

4. Hall effect - For problems v/ith balanced electric and magnetic forces (Hall 
effect, velocity selectors) use the relation v = E/B to relate the fields to 
parameters such as the Hall field or potential difference, current density, 
or charge sign and velocity. 
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STUDY GUIDE: Magnetic Forces 



GENERAL COMf€»TS 

Be sure that you are able to find the vector (cross) product of two vectors before 
reading any further. It is essential to everything in this module. Unlike electric 
forces and electric fields, magnetic forces are perpendicular to the magnetic field, 
a relation described mathematically by the cross product* 

You will find that a closed circuit carrying a current I experiences a total force 
(not torque) equal to zero if it is in a uniform magnetic field. An interesting 
consequence is that the force on a part of such a circuit is independent of the 
path of the current, and hence is the same ^s the force on a straight wire con- 
necting the end points. 

Notice that although a magnetic dipole (a current-carrying loop) in a magnetic 
field behaves Just like an electric dipole in an electric field, it is a very 
different c^ject internally. There are ng^ known magnetic charges; the magnetic 
dipole is a circulating current of electric charge (current loop), which produces 
the same fields far from the dipole and experiences the same torques as a dipole 
made frm a charge pair* 

We also consider^the case in which^v, |, and t form a right-handed set of orthogonal 
vectors like |, and k. If E = 8 x v, then the total force on a charge moving 
with velocity v is zero. This is the basis of velocity filters for charged particles. 
It also occurs if a current^ carrying conductor placed in a magnetic field. The 
charge carriers are displaced in the direction qv x until an electric force qt 
caused by the excess charge on one side makes the net transverse force on the charge 
carrier equal to zero. This field E is called the Hall field, and is used to invest- 
igate the sign and density of charge carriers in a conductor. One can also use it 
to nieasure the magnetic field. 
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TEXT: Frederick J. Oueche, Tntrof iuctlnn to Pfiy^j iTCS for Scientists and engineers 
(KcGraw-Hill, Hew York> 1975), second edition 



SUGGESTED STUDY PROCEDURE 

Vour text readings are from Chapter 23. Read the General C^mients; then ^o 
through the textbook in the order given in the Table. As you complete the section 
for each objective, study the corresponding Problems with Solutions in the Problem 
Set; then work the Assigned Problens until you have mastered the associated 
objective. Then take the Practice Test. 

An important application of the principles of Objective 1 arises from Illustration 
23.S, where there is a calculation of the period of the circular orbit of a 
particle of mass m in a unifom field B. The general result is T - 2*rfii/qB indepen- 
dent of the particle energy. This fact is used in the particle accelerator called 
the cyclotron. Since the period is energy independent, an alternating electric 
field Ey = Eo sin(2irt/T) will accelerate the particle. The energy, momentum, and 
orbit radius all increase as long as the particle remains in both the electric and 
the magnetic field. This principle is used to accelerate particles to high 
energies for nuclear research, to study electrons in solids, and to heat ionized 
gases in thermonuclear research. 



BUECHE 



Objective 
Number 


Readings 


Problems with 
Solutions 


Assigned Problems 


Additional 
Problems 






Study 
Guide 


Text 


Study 
Guide 


Text 




2 


Sees. 23.1 to 
23.4 


B 


Illus.3 
23.1, 
23.2, 
23.3 


E, F 


1, 2, 3 


4, 16 


1 


Sec. 23. S 


A 


Illus. 

23.4, 

23.S 


D 


S, 8, 9 


10, 11 


3 


Sees. 23.7, 23.8 


C 




E 


13, 14, IS 




4 


Sec. 23.6 


' D 


Illus. 
23.6 


G 


7 





^Illus. = Illustration(s). 
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TEXT: David H^llid^ and Robert Resnick, FundaJT^ental s of Physics (Wiley, 
New York, 197D; revised printing, 1974) 



SUGGESTED STUDY PRDCEDURE 

All of your text readings are in Chapter 29. Read the General Conments; then go 
through the textbook in the order given in the Table below. As you ccHi^lete the 
reading for each objective, study the correspcmding Problems with Solutions 
In the Problem Set; then work the Assigned Proble^ns until you have iitastered the 
associated objective- Take the Practice Test and work some Additional Problems 
if necessary before trying a Mastery Test, 



HALLIDAY ATiD RESNICK 



Objective Readings 
Number 


Pre* lens with 
Solutions 


Assigned Prd)lems 


Additional 
Problems 




Study 
Guide 


Text 


Study 
Guide 


Text 




1 Sees, 29-1, 29-2, 
29-6, 29-7 


A 


Ex^, 1, 
4, 5 


D 


1, 5, 21, 
25 


'4, 6, 23 


2 Sec, 29-3 


B 




£, F 


7, 9, 11 


8, ID, 12 


3 Sec. 29-4 


C 


Ex, 2 


E 


13, 15 


16 


4 Sees, 29-5, 29-8 


D 




G 


19, 41 


18, 20, 42 



^Ex- = S:xample(s)* 
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TEXT: Francis Mestbn Sears and Hark M. Zenansky, University Physics (Addison- 
Kesley, Reading, Mass., 1970), fourth edition 



SUGGESTED STUDY PROCEDURE 

Your text readings are from Chapters 30 and 31. Read the General Connientsi then 
go through the textbook in the order given in the Table below. As you complete 
the section for each objective, study the problems with solutions in the Problesi 
Set, then work the Assigned problems until you have mastered the associated 
objective. Try the Practice Test and work some Additional Problems if necessary 
before taking a Mastery Test. For Objective 3, be sure to note the re'.ation 
between direction of current and the direction of the magnetic mtxnent for a current 
loop. 



SEARS AND ZEHANSKY 



Objective 
Number 


Readings 


Probl^s 
with Solutions 


Assigned Problems 


Additional 
Problems 






Study 
Guide 


Study 
Guide 


Text 




1 


Sees. 30-1, 
30-2, 30-4, 
30-10 


A 


D 


30-1, 30-3, 
30-5 


30-6, 
30-13, 
" 30-19 


2 


Sec. 31-1 


B 


E, F 


31-1 




3 


Sec. 31-3 


C 


E 


31-5 


31-4, 31-6 


4 


Sees. 30-5, 
31-2 


D 


G 


30- 12, 

31- 3 


31-2 
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TEXT: Richard T, Vieidner and fiobert L- Sells, Elensentary Classical Physics 
(Allyn and Bacon, Boston, 1973), second edition. Vol- 2 



SUGGESTED STUpy PRpLtDtffiE 

Your text readings are from Chapter 29, Read the General Cocnments; then 
through the textbook in the order given in the Table below. As you ccKnplete 
the section for each objective, study the corresponding Probleins with Solutions 
in the Problem Set; then worK the Assigned Problems until you nave isastered the 
associated objective- Take the Practice Test and work soaie Additional Problems 
if necessary before trying a Mastery Test, 



MEIDIJER AND SELLS 



Objective Readings 
Number 


Problems with 
Solutions 


Assigned Problems 


Additional 
Problems 




Study Text 
Guide 


Study 
Guide 


Text 




1 Sees, 29-1, 
29-3, 29-5 


A Ex^. 
29-2, 
29-3 


D 


29-1, 29-3, 
29-11 


29-4, 29-8 


2 Sec, 29-6 


B Ex, 
29-4 


E, F 


29-16^ 


29-17 


3 Sees, 29-7, 
29-8 


C 


E 


29-18 


29-20, 29-21, 
29-23 


4 Sees, 29-4, 
29-9 


F Ex, 
29-5 


G 


29-9, 29-24 - 




^Ex, = Exainple(s), 










= (mg/LB) tan 6. 
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PROBLEM SET WITH SOLUFIOtiS 

27 S 
A(l). A particle of mass 10 kg is moving with speed 10 m/s perpendicular to 

-3 19 
a magnetic field B = 5.0 x lo T* (charge of +e = 1.60 x 10" C). 

(a) Vfhat is the force on the particle? 

(b) What is the radius of the circle in which it moves? 

(c) What is the period for its motion? 

{d} If its speed were doubled, what would its period be? 

Solution 

(a) Use the magnetic force equation: 

F = qv X ^ = (1.60 X 10"^^ C)(10^ m/s)(5.0 x iQ"^ T) = 8.0 x 10"^^ U 

perpendicular to v, 

(b) F - ma. a = v^/R for circular motion. qvB - m{v^/R). 

(1.60 X 70''^ C)(5.0 X 10"^ T) 

{(c) T = ^ = 24^) = 24 ) » 7.9 X 10-6 ^ 

^ (1.60 X 10 C)(5.0 X 10 ^ T) 

(d) FrOTi part (c), T is independent of v. Uo change. 

6(s). A square loop of wire> 30.0 cm on each edge, lies in the xy plane -with 
edges parallel to the axes as in Figure 1, and carries a current of 
4.0 A. It is in a uniform field t = (O.lOOj + 0.173k) T. 
(a) Draw §^ in a B^B^^ coordinate system, 
(b} Calculate the force acting on each side of the square wire. 
Add the forces on the four sides to get the total force. 

Sol ution 

(a) See Figure 2. tan (30") = B^B^ = 1/1.73. 

(b) See Figure 3. Let L be the length of one side of the loop. Then 

= ILj X ^ = ILj X (B^ + B^k) = ILB^i, ^3 » -ILj x ^ = Jp^, 
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2 

*In SI units, the tesla is used for magnetic flux density. 1 T = 1 Wb/m . 
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^2 = -?IL X (By5 + B^k) = -ILByk + ILB^, 
Since = -f^, = -t^, 

which is always the case in a uniform field. 
IL8y = (24 A)(0-300 m)(0,100 T) - 0.120 H, 
Figure 1 Figure 2 



= ilL X ^ = -t^. 



ILB^ = 0-210 N- 
Figure 3 



0.173T ■ 




C(3], For the same loop as in Problem B (Figure 1), 

(a) What is the vector dipole moment of the loop? 

(b) Using the result of part (a), find the vector torque acting on the 
loop. 

w 

Solution 

(a) ^ = lAk, where I is the current, and A is the cross*sectiona1 area of the 
loop. The direction of p follows a right-hand rule; if fingers follow the 
current, the thumb picks the correct nomal to the loop. Hence 

H - [(4-0 A)(0-300 mfyk = 0,36ic A m^, 

(b) T = J X t = ic X (Byj B^k) = -^Byi = -0,0361 N id, 

D(l, 4). A particle in Figure 4 mving with speed 10 m/s along the y axis 
enters a magnetic field f = B^k, Bp = 0,40 T, q - 1,60 x 10"^^ C, 

.-10-" kg. 32 
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(a) Mhat Is the force on the particle? 

(b) Mhat will be the path of the particle if it stays in the field? 

(c) ifliat electric field E will result in zero net force on the particle? 

Solution 

(a) t = qv (1.60 X 10"^^ C)(10^j in/s)(0.40k T) = 6.4 ^ lO"^^? N. 

(b) A circle parallel to the xy plane: 

R,^= (1°-" M)00^ n,/s) .1.56.10-2 „,. 
(1.60 X 10^'^ 0(0.40 T) 

(c) ? = q(v X t) r 0. 

E = -V X t r (-10^? fii/s)(0.40k T) = -4.0 x lO^i V/iu. 



Problems 

E(2» 3). A square loop as shown in Figure 5 is pivoted about the z axis and carries 
a current I = 10-0 A- The loop is in a unifom magnetic field B - 0.50 T 
parallel to the y axis. 

(a) What Is the magnitude and dirsction of force on the side labeled a? 

(b) What torque is acting on the loop? (Give niagnitude and direction.) 

(c) What is the total force on the loop? 



Figure 4 Figure 5 




F(2). In Figure 5 a copper rod weighing 2.00 N rests on two horizontal rails 
1-00 m apart and carries a current of 50 A from one rail to the other. 
The coefficient of static friction m is 0.60. What is the smallest 
vertical magnetic field that v/ould cause the bar to slide, and v/hat is 
its direction? Remember that tha frictional force = n (nomal force). 

G(4). The conductor in Figure 7 with square cross section and side a = 0.0250 m 
carries a current I ^ 100 A- A magnetic field B« ^ 0.60 T is parallel to 
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the positive z axis- The current is carried by electrons with 
q = -l.eO X 10"^^ C. 

(a) What is the direction of the Hall field? 

28 

(b) If the density of carriers is 4,0 x 10 per cubic meter, what is 
the speed of the electron? 

(c) What is the Hall voltage? 



Figure 7 





Solutions 

HZ* 3). (a) t = it X S = (10.0 A)(0.100 fn)(i/»^ + j'/.^)(0.57)j' = 0.35k N. 

(b) u = IA(-i/*^+ 5/^) = (0.100 A m^)i-y^* l/^- 

T = u X ff = (0.100 A m^H-y^-i- 3/'^)(0.57)3 = -0.035k N m. 

(c) f = 0 for closed loop in unifonn field. 

F(2). B = 0.0240 T up. The rod would move to the right. 

G(4). (a) Since carriers have negative chaise, they ^o to the left if the current 
is to the right. Hall condition is F = qfE + (v x B)] = 0. 

t = -y points along the positive x axis, 
(b) I = nqvA, 



^ ^ I ^ 100 A 

' (4.0 X lo2V)(l-60 X 10"^^ 0(0.025 m)^ 



= 2.50 X lo'^ m/s. 
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(c) V = Ea = Hall voltage, 

E - vB = (2.50 X 10"^ m/s)(0.60 1),= (1.50 x 10'^ V/iuh 
V » (1.50 X 10'^ V/n))(0.0250 id) - 3.8 x lo"^ V. 



PRACTICE TEST 

1. A four-sided wire loop as shown in Figure 8 (not rectangular) lies 1n a plane 
parallel to a uniform magnetic field f " O.OSOi T. A current of I = 3.00 A 
flows clockwise around the loop> as illustrated in the figure. 

(a) Calculate the magnitude and direction of the force acting on each straight- 
line segment of the loop, 

(b) Calculate the resultant force acting on the loop. 

(c) Calculate the magnetic moment of the loop. 

(d) Calculate the torque acting on the loop about any point in the plane of 
the loop. 

Figure 8 




2. The silver wire in Figure 9 fs fn the form of a ribbon 0.50 cm wide and 
0.100 mm thfck. A 2.0-A current is passed through the rfbbon perpendicular 
to a 0.80-T magnetic field. The number of charge carriers fn silver fs 

28 A 

6-0 X 10 per cubic meter, thus the drift velocfty is 4.2 x lo m/s. 

(a) What is the magnetic force on electron in the wire? 

(b) This force causes a charge accumulatfon on the sides of the wfre untfl 
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the magnetic force is balanced by an equal electric force. What are the 

inagnitude and direction of the electric field thus produced? 

{c} What is the Hall voltage produced across the width of the ribbon? 

Figure 9 




3. A charged particle is accelerated through a potential difference of 5000 V, 
then enters a magnetic field of magnitude 0.300 T with Its velocity 
perpendicular to the direction of the magnetic field. This particle has a 
charge- to-mass ratio of q/m - 4.0 ^ 10^ C/kg. 
aj Find Its speed v. 

b) Use the basic magnetic force law to find the radius of its path. 



•«»Z9rO=U (q) -s/tu soi ^ 00*2 = A (e) 

-i^_oi - e-e- = i (q) -n -i^^.oi - vl-^i I 

N fOZO'O- = i (P) 

'^^ V WO- = (0) 'I uuoi.iun vioi s/Cewie se 0 = + ^4 + ^4, + (q) 

01 9Jin6ij 

Z 

V 

*N ^m'O- = *0 = '01 ^^nby 99S (e) 'i 
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HAGHETIC FORCES 



Date 



Mastery Test 



Fom A 



pass 
1 



recycl e 
3 



2 



4 



Name 



Tutor 



1. A gold strip 1.50 on wide and 0.100 cm thick Is placed In a ? field of 

2 

2.00 Hb/m at right angles to the strip. A current of 100 A Is set up In the 
Strip along Its length. Let n = 6.0 « 10 per cubic meter and 
q ^ -1-60 X 10'^^ C. 

{a) Sketch the setup. Include a set of coordinate axes. 

(b) What Is the velocity of the charge carriers? Assume they are electrons. 

(c) What Is the magnetic force on an electron? 

(d) What Hall potential difference appears across the strip? Indicate the 
direction of the Hall field In your diagram. 

2. A straight wire of length L carrying a current I Is situated In a unlfom 

S field directed at right angles to the wire segment. Draw a diagram showing 
the directions of the current In the wire* the 8 field, and the magnetic 
force acting on the wire. What Is the magnitude of the magnetic force? 
How Imagine that the wire segment is bent Into the fom of a closed circular 
loop, the plane of which Is oriented at an angle 6 to the B field, as In 
Figure 1. What is the net force on the loop? Hhat Is the net torque of the 
loop? (sin e)(-1) + (cos e)j Is the normal to the loop. 




X 
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MAGNETIC FORCES 



Date 



Mastery Test Form B pass recycle 

12 3 4 
Name Tutor 



1, At the instant a positive ion of charge +e and mass m traveling to the right 
with a velocity v - Vpi passes through the origin of a coordinate system as 
shown in Figure 1, a uniform Afield directed perpendicular to the xy plane 
i is established and causes the ion to pass through the point x - y - z = 0. 

(a) Determine the magnitude of the t field in terms of e, m, and v, 

(b) Is the f field directed into or out of this exam sheet? 

(c) What is the velocity (magnitude and direction) of the ion at (R, 0)? 

(d) How long does it take to make one turn? 

An electric field is introduced to cause a second ion entering the Afield at 
the origin of the coordinate system to continue in a straight line with a 
velocity v = Vpi- 

(e) Indicate the direction of the f field, 

(f) Determine the magnitude of the f field in terms of the parameters given. 



2- In Figure 2 a wire bent into a semicircular arc of radius R in the yz plane 
carries a current I. A uniform external magnetic field is parallel to the 
X axis- Find the vector force acting on the wire. Remember that closed loops 
have zero net force- 

2 

3- A flat coil of 20 turns, with an area of 20 cm is suspended in a magnetic 

2 

field of strength B = 0,300 Wb/m , When the plane of the coil makes an angle 

2 

Of 45** with the field, the torque has a magnitude of 1,00 ^ 10 N m, 

(a) What is the magnetic monent of the coil? 

(b) What is the current flowing in the coil? 



Figure 1 
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Figure 2 
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Date 



Mastery Test 



Form C 



pass 
1 ; 



; recycl e 
2 3 4 



Name 



Tutor 



2. 



(a) What is the speed of a proton (charge q = 1.60 x 10" ^ C and mass tn = 

-27 * 
1.70 f 10 kg) that moves in a circle of 2.00 m radius in a B field of 

0.200 Mb/tn^? 

{b) If the speed is doubled* how does the time for one turn change? 
(c) If the velocity of the proton is now along i and the magnetic field is 
along what electric field (direction and magnitude) will cause the velocity 
to remain constant? 

The wires of a high-voltage electric power transmission line experience a 

magnetic force from the Earth's magnetic field. Find the magnetic force 

per meter of its length If a wire carries a current of 500 A in the local . 

*5 2 

(magnetic) northerly direction. The Earth's field is 2.50 x 10 Wb/m and 
points northward and downward at 70^ from the horizontal. Illustrate your 
solution with a sketch of the problem. 

You wish to make a square coil out of a 1.00*m-long piece of wire such that 
it experiences a maximum torque of 0.200 N m when it carries a 4.0-A current 
and is placed in a uniform 0.84-Wb/n)^ t field. How many turns should it have? 
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MAGNETIC FORCES 



A-1 



MASTERY TEST GRADING KEY - Form A 



1. What To Look For ; (a) I along strip. B perpendicular to strip. Coordinate 
axes. (F) Current equation, A in square meters. Direction of v opposite to 
I (electrons are negative), (c) Lorentz equation. Direction, (d) Force 
balance or E = vB. Direction of E on sketch. ^ 

B 



Solution : (a) See Figure 14. 
B 



I 



Figure 14 




A A 




It 



(b) I = nqvA, v - I/nqA, 
V = 100/(6.0 X 10^®)(1.60 X 10"^^)(1.50 X lo"^) = 5.9 x lo"^ m/s 

(c) = qv X ? = -(1.60 X 10'^^)(6.9 X I0"^)j(2k) = 2.20 x lO'^^i N. 

(d) ^ + qt^ = 0, = -(1/q)^ = 1.38 X 10"^ V/m, 

= dE^ = (0.0150 m)(1.38 V/m) = 2.07 x lo"^ V. 

2. What To Look For : Force equation, t - it = 0. Force zero in uniform field. 
Find area from length. Find magnetic moment. Torque equation- 
Solution: See Figure 15. ^ = 0 (unifom field). 

. L = 2TrR, p = lA = Iir(L/2ir)^ = 
t = p X t = (lL^/47r)[(-sin e)i + (cos e)j] x Bj = -[(IL% sin e)/4Tr]k. 



to left. 
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IMSTERV TEST GRADING K£Y - Form B 

1. What To Look For : (a) Determine radius, f = ma. (b) Get direction of t 
itm force, (c7 1/4 turn on circle, (f) Force balance Vg - E/B. 

Solutionr See Figure 16. (a) Radius is R, 
ntv^/R ^ evB, B = luv/eR. 

(b) Force is up, so f - -(mv/eR)k, 

(c) V = VqJ. (d) T= 27rR/Vg. 

(e) Electric force is down: t= ^Egj. 

(f ) + qv X f 0. E = vB = rnVg/eR, 

2. What To Lode For: F = 0 for closed loop. Force equation. 

Solution: See Figure 17. Force on half-loop same as force on line across 
diameter. 

? = it X B ^ I(-2Rj) X Bgi = 2IR8Qk, 

3- What To Look For : (a) Torque equation. Definition of y. 
Solution: (a) x - u8 sin 6, 

(b) I = v/KA = (0.047 A n)^)/(20 x 0,00200 m^) = 1,18 A, 




HAfiNETIC FORCES C-1 
MASTERY TEST GRADIHG KEY - Form C 

1. What To look For: (a) F = mA. (b) T independent of v. (c) Force balance. 
Solution: (a) rav^/R = tjvB, 

V = qBR/n) = (1.60 x 10'^^)(0.200)(2)/(1 .70 x 10'^) * 3.8 x 10^ in/s. 

(b) Ho change. 

(c) See Figure 18. E = vB along j. 

t+vxf=0, . £ - 0.76 X lo' V/n). 

2. What To look For: ' f/s. = t B. 

Solution: See Figure 19. Tut into paper (West). 

F/4 = IB sin 9 = (500 A)(2.50 x 10'^ T)(sin 70") = 0.0117 H/n), 

3. What To look For : Definition of p. Relate area to length. Torque equation. 
Solution : v ~ NIA, I - H4a. 

A = a^ {imf, Tjjjg^ = iiB » t. 
NIAB = t, HUl/m)h = T, 

N = Al/Tl6 = (0,84)(4)/(0.200)(16) = 1.05 turns. 




Figure 19 
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Hodule 

STUDY GUIDE 



1 



AMPERE'S IM 

IHTRDDUCTIOS 

Everyone has seen a bar magnet in the form of a con^ass or a door catch. Anyone 
who has ever casually played with magnets or inagnetic toys knows that magnets 
interact with other magnets; i.e., a magnet experiences a force caused by the 
presence of an external magnetic field produced by the other magnet, A wire 
carrying a current experiences a force caused by the presence of a nearby magnet 
{as you saw in the module Magnetic Forces) . We then expect the converse to also 
hold true, i-e-> that the bar magnet will also experience a force from the presence 
of the current-carrying wire. This expectation can be verified experimentally by 
putting a cmpass needle near a current-carrying wire. 

Thus both a bar magnet and a current-carrying wire produce a magnetic field* A 
bar magnet, however, cannot be broken down into a single magnetic pole similar ta 
the electric charge. Even on the atomic scale, there are always two magnetic 
poles similar to the two magnetic poles produced b/ a small loop of current-carrying 
wire, A bar magnet is really Just a collection of atomic current loops or charges 
in irotion. In this module (and the module Magnetic Forces) , you are actually 
investigating the interaction at a distance of moving electric charges (e.g., 
electric currents). The intermediary in this interaction is the magnetic field 
^(r). By introducing^, you separate the interaction Into two parts: (1) creation 
of the f field by given currents (to be treated in this module), and (2) the 
action of this field on other given currents or moving charges (which you studied 
in Magnetic Forces) , 

Along beside the other memorable force relations involving magnetic fields, you 
will now add to your collection of fond memories the field relations known as 
Ampere's Law and the Blot^-Savart Law, (Please note; The latter Is pronounced 
Bee-oh Sah-var^,) 



erJc 
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STUDir GUIDE: Ampere's Law 



PJtEREQUISITES 



8efore you begin this caodule, 
you should be able to: 



Location of 
Prerequisite Content 



^Integrate sitsple polyn&dials (needed for 
Objectives 1 through 3 of this niodule) 

^Evaluate cross products (needed for 
Objective 3 of this tnodule) 

^Define the magnetic field, and find the 
force on a current-carrying wire in a 
magnetic field (needed for Objectives 1 
through 3 of this module) 



Calculus Review 



Vector Multiplication 
Module 

Magnetic Forces 
Module 



LEARHIHG OBJECTIVES 

After you have mastered the content of this module, you will be able to: 

K AmpSre's law - Mrite Amp6re*s law and use it to calculate the magnitude and 
direction of the magnetic field ^ caused by currents flowing in a conductor 
of cylindrical cross-sectional area with a simple synraetric shape, such as a 
long, straight wire, a solenoid, or a toroid, or a combination of these 
( principle of superposition) . 

2, Forces betiftreen currents - Given the currents in parallel conductors, solve 
for the force on one of the conductors* 

3, Biot'Savart law - Write ^he Biot-Savart law and ©nploy it to find the magnitude 
and direction of the magnetic field S at a point P-j caused by a current element 
at another point P^i and/or find the magnetic field t at the center of a 
circular or semicircular loop of current-carrying wire. 



ERIC 
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STUDY GU!DE: An^j^re's Law 



3{B 1) 



TEXT: Frederick J. Bueche, Introduction to Physics for Scientists and Ehqineers 
(McGraw-Hill, New York, 1975), second edition 



SUGGESTED STUDY PROCEOURE 

Your readings are fran Chapter 24. First read General Conments 1 and 2 and Sections 
24.1 and 24.2. Then study Probien A before working Problem F in this study quide 
and Problen 2 in Chapter 24 of your text. Now read General Comnent 3 and Section 
24.2. Study Illustration 24.2 and Problem C before working Problems H and 15. 
Then go back to (H}jective 1 and read General Ccenent 4 and Sections 24.3 and 24.4. 
Study Problsn B and Illustrations 24.1 and 24.4 before working Problem G and 
Problems 7 and 17 in Chapter 24. For Objective 3, read General Conments 5 and 
6, Sections 24.5, 24.6, 24.8; study Illustrations 24.5 and 24.6 and Problems D 
and E; and work Problems I and J. 

Try the Practice Test, and work some of the Additional Problems if necessary, 
before attempting a Mastery Test. 



BUECHE 



(H}jective 
Number 


Readings 


Problems with 
Solutions 


Assigned Problems 


Additional 
Problems 






Study 
Guide 


Text 


Study 
fiuide 


Text 
{Chap. 24) 


(Chap, 24) 


1 


Sees. 24,1, 
24.2, 24,3, 
24.4, 
General 
Conments 
1, 2, 4 


A, B 


Illus.^ - 

24.1, 

24.4 


F, G 


2, 7, 17 


T, 3, 4, 5, 
6, 8 


2 


Sec. 24.2, 
General 
Conment 3 


C 


lUus. 
24,2 


H 


15 




3 


Sees, 24,5, 
24.6, 24.8, 
General 
Conments 5, 6 


D, E 


Illus, 

24.5, 

24.6 


I, 0 







^illus, * mustration(s). 
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3{HR 1) 



TEXT: David Balliday and Robert Resnick, Fundanientals of Physics (Wiley, New 
York, 1970; revised printing, 1974) 



SUGGESTED STUDY PROCEDURE 

Your readings are all from Chapter 30- First read General Coim»nts 1 and 2 and 
Sections 30-1 and 30-2- Then study Problea A and work Problem F in this study 
guide, and Probl&ns 1 and 23 in Chapter 30- Next read General Cciriejit 3 and 
Sections 30-3 and 30-4, study Problem C, and work Problems H and 18- Retum to 
(H)Jective 1, reading general Coimient 4 and Sections 30-3 and 30-5, studying 
Problem B and Exeisples 1 through 4 in Chapter 30, before working Probl&ns G and 
27- Then read General CoDinents 5 and 6, and Section 30-6, excluding Example 5- 
Study Problans D and E before working Problems I, J. and 33. 

Take the Practice Test, and work some Additional Probl&iis if necessary, before 
attempting a Mastery Test. 



HALLIDAY AND RESHICK 



Objective 
Hunger 


Readings 


Problons with 
Solutions 


Assigned Problems 


Additional 
Problems 






Study 
Guide 


Text 


Study 
Guide 


Text 
(Chap- 30) 


(Chap- 30) 


1 


Sees- 30-1, 
30-2, 30-3, 
30-5, General 
Consents 1, 
2, 4 


A, B 


Ex.^ 
1, 2, 
3, 4 


F, 6 


1, 23, 27 


4, 5, 15, 19, 
21, 22, 23 


2 


Sees. 30-3, 
30-4, General 
Comment 3 


C 




H 


18 


16, 17, 24, 25 


3 


Sec- 30-6, 
General 
Comments 
5, 6 


D, E 




1, 0 


33 


29, 30, 34, 
35(a] 



^Ex- = Examp1e{s)- 
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TEXT: Francis k'eston Sears and %rk H. Zenianskv, Um'versitv Physics (Addison- 
Wesley, Reading, Mass., 1970), fourth edition 



SUGGESTED STUDY PROCEDURE 

The leaming objectives cover the material in the reverse order of your text. 
You raay want to skim Chapter 32 before following this study procedure in detail. 
(Note: Your text changes notation from 4iik'' to Vq in Section 32-6,) 

For Objective 1, read General Coiunents 1 and 2 and Section 32-6. Then study 
Problem A and work Problems F and 32-3. Next read (general Comment 3 and Section 
32-4, study Problem C, and vjork Problems H and 32-11. Return to Objective 1, 
reading General Comnent 4, and Section 32-7, studyino Problem B, and workina 
Problems G and 32-17. Next master Objective 3 by readinfi General Comments 5 and 
6 and Section 32-2, studyinq Problems 0 and E, and wprkinq problems I, J, 32-1, 
and 32-15. 

Take the Practice Test, and work some Additional Problems if necessary, hpfore 
attempting a Mastery Test. 



SEARS AHD ZEHAHSKy 



Objective 
Nuiriber 


Readings 


Problems with 
Solutions 


Assigned Problems 


Additional 
Probl ems 






StiJdy Guide 


Study 
Gutde 


Text 




1 


Sees. 32-6, 
32-7, 
General 
Coiments 1, 
2, 4 


A, R 


F, G 


32-3, 
32-17 


32-2, 32-4, 
32-6, 32-13 
32-iq 


2 


Sec. 32-4, 
General 
Comment 3 


C 


H 


32-11 


32-7, 32-9, 
32-10 


3 


Sec. 32-2, 
General 


D, E 


I, 0 


32-1, 
32-15 





Comments 
5, 6 
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3(HS 1 ) 



TEXT: Richard T, Weidner and Robert L, Sells, Elementary Classical Physics 
(Allyn and Bacon, Boston, 1973), second edition, Vr."* 2 



SUGGESTED STUDY PRDCEDURE 



The learning objectives cover the material in the reverse order of your text. You 
may want to skim through Chapter 3D and then come back and read the particular 
sections of the te,:t as listed below in the table. 

For Dbjective 1, reaa General Comments 1 and 2 and Section 3D-7. Then study 
Problaii A and work Problems F and 3D-5. For Dbjective 2, read General Comment 3 
and Section 3D-5, study Problem C and Example 3D-2, and work Problems H and 3D-13. 
Return to Dbjective 1., reading General Comment 4 and Section 30-8, studying 
Problem B and Example 30-3, and working Problems G and 3D-22(a), 30-23. Next 
read General Comments 5 and 6 and Sections 30-1 through 30-3 {pp. 604 and 605 
only), for Objective 3. Study Problems D and E before working Problems I, J, and 
30-6. 



Take the Practice Test, and work some Additional Problems if necessary, before 
attempting a Mastery Test. 



WEIDNER AND SELLS 



Dbjective Problems with Assigned Problems Additional 

Ntmber Readings Solutions Problans 

Study Text Study Text 

Guide Guide 



Sees. 30-7, A, B Ex.^ F, G 3D-S, 30-1. 30-16, 

30-8, 30-3 3D-22(a), 30-17, 30-19, 

General 30-23 30-20, 30-21 
Comments 
1, 2, 4 

Sec. 3D-S, C Ex. H 30-13 30-3, 30-11, 

General 30-2 ' 30-14, 30-15 
Comment 3 



3 Sees. 30-1, 0, E I, J 30-6 30-4 

30-2, 30-3, 
General 
CoiTsnents 
5, 6 



Ex, = ExampleCs), 
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GENERAL COHMEKTS 

1- Comparison of AmpSre^s Law and the Biot-Savart Law 

The examples of the long wire, long solenoid, and toroid make very good illustrations 
of the use of Ampfere's law. If vou learn Ampfere's law well , you will not need 
to menwrize the expressions for B in these three cases (which are of some importance 
in themselves) - you will always be able to derive them! (Note that the long 
solenoid is the limiting case of a toroid as the radius approaches infinity.) 

Ampfere's law is completely general for steady currents j and can be used to calculate 
the magnetic field in certain symmetric situations in much the same way that Gauss' 
law can be used in electrostatics- However, many cases (e.g., the circular loop) 
cannot be handled with Amp6re*s law, since one must have a sufficiently sirt^le 
situation so that B is constant and can be removed from the integral Sign. For 
the circular loop this becomes very impractical . Therefore, we go to the Bio t- 
Savart law for a more general approach. The Biot-Savart law, as stated, represents 
the magnetic fie?d in terms of contributions from infinitesimal elements composing 
the current circuit. Ampere's law is still true in these cases - it just does not 
give any calculational help. 

Note that Ampere's law and the Biot-Savart law are not independent of one another. 
Amp6re*s law can be derived from the Biot-Savart law and therefore does not contain 
more information than the Biot-Savart law. The Biot-Savart law is just a more 
general statement. 



2. Straight Wires and Paths 

The main thrust of Objective 1 is to familiarize oneself with Amp6re*s law; 
^ I • dt = . 

On the right side of this equation, I is the net current passing through the area 
enclosed by the path of integration. In Figure 1 the net current through the area 
bounded by the curve C is I-j -t* I3. The positive direction of the current 
through the area can be obtained by a right-hand rule - the fingers of the right 
hand curling In the direction of dT around the curve C and the thumb pointing in 
the positive direction of the current: 

<pt * dl = VqH^ + I2 + I3). 
For an area pierced by no current, the line Integral around the closed path Is zero. 

How do we know that the t field from a current in a long straight wire is circular 
around the wire? Since the wire looks the same from one side as from another, the 
magnitude of I at a point near the wire should remain unchanged as the wire is 
rotated. Thus 1^1 is constant on a circle of radius r centered on the axis of the 
O wire. But what about the direction of t? If we take a compass and move it around: 

ERIC 49 
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STUDV GUIDE: Ampere's Law 5 

the circle of radius r, the needle will always be tangent to the circle. If the 
current in the wire is reversed, the needle will reverse end for end. The direction 
of t is taken to be the direction of the ccnipass, and thus we have the right-hand 
rule. The Biot-Savart law nay also be used to find the t field from a current- 
carrying wire and gives the same result. 

To utilize Ampere's law to determine t for a given situation, we must have a high 
degree of symretry just as we did to determine t from Gauss' law for the electric field. 




ERIC 



3. Forces 

This ccmment treats problem solving for Objective 2. From the module Magnetic 
Forces , we know that a current-carrying wire in a magnetic field experiences a 
force, ? = it X To find the force, therefore, that one wire carrying a current 
I exerts on another parallel wire a distance d away and carrying current l2» we 
find the t field of wire 1 at wire 2: 

Then use this t field to find the force on wire 2: 
^2 = ^ By 



Note: This applies to parallel wires only. 
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STUDY GUIDE: AnpSre's Law 6 
4. Unifom Distribution of Current 

To find the 1 field at a point inside a cylindrical wire as shown in Fiaure 2 
that carries a current distributed uniformly over the cross section of the wire, 
we can use Ampere's law for a circular path about the axis of the wire: 

vrfiere i is the net current inside our circular path of integration (see Figure 2). 
A total current I is distributed uniformly over the cross section of the wire 
and into the page. The direction of t is determined by the right-hand rule. 

Since dt and § are in the ssme direction all around the dotted circle, t • dt = 
B d£, and syinmetry suggests that j§| is constant along the circular path so that 

ft • d? = ^ B da = B2Trr. 

Thus 

B = Pgi/2itr. 

But i is the current inside the dotted circle: 
i = Kur^/TiR^) = IrW- 

Therefore* 

|§I = pgIr/2flR^, 

See Figure 3. This reduces to the expected expression for |f [ at r = R. 




Figure 2 

Figure 3 
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5. Current Elements 

In electrostatics the fundamental law telling us how to calculate the electric 
field caused by an element of charge {a point charge) is Coulomb's law. The 
corresponding law for magnetic fields is called the Biot-Savart Law . The funda- 
mental source of the magnetic field is a current element, which we can think of 
as a small length of wire dSL carrying a current I in the direction of dt. The 
Biot-Savart law says that the magnetic field dt at a distance r caused by this 
incremental length is given by 

dt X r *^0^ dt X r 
r r 

Where Pg Is a constant (Pg - 4Tr x lo'^ if the units for B, I, and r are teslas, 
amperes, and meters, respectively), and r is a unit vector in the direction of 
r. See Figure 4. 

Notice that the Biot-Savart law Is an inverse-square law. It is more comolicated 
than Coulomb's and the gravitational laws, however, because of the cross product: 
dt points not along r but in a direction perpendicular to both r and dt. 

Observe that the dt that occurs In Amofere's law has quite a different significance 
from the di in the Biot-Savart law. In Amplre's law, it Is along an imaoinary 
path that need bear no relation to the direction of current flow, whereas in 
the Biot-Savart law it is alonq the direction of the current flow in the wire. 



\ 

\ 




Figure 4 
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6. Semicircular Current Loops 

The Biot-Savart law gives the niaghetic field produced by an infinitesimal current, 
as we shall see in Problems D and L Hov/ever, no such isolated current element 
can exist by itself. There must always be a complete loop of current in any 
circuit. 

The most general case of current-carrying wires involves a detailed integration 
of the Biot-Savart law, but there is a special case that requires only the interpre 
tation of a line integral. This is the problem of finding the I field at the 
center of 3 circular or semicircular loop of current. Here, the current element 
I di is always perpendicular to the position vector r: 

I dl X r = a vector^whose magnitude is Ir dJl, in a direction perpendicular 
to both r and dt. 

Since we are finding the field at the center of the loop* the distance r is a 
constant and equal to the radius a. Thus, 

|dl| = (ppI/47Ta^)dJl. 

In summing up or integrating the contributions from all the significant current 
elements, fdi is just the length of the semicircular loop. 

PROBLEM SET WITH SOLUTIONS 

A(l). Two long straight parallel wires both carry a current of 8.0 A, but in 
opposite directions as shown in Figure 5. Calculate the maqnetic field 
at the indicated point P caused by these currents. 

Solution 

Divide this problem into two problems, and use Ampere's law jn both. The B field 
caused by the lower wire is found by integrating % around a circle of radius 2.00 m 
that is concentric with the lower wire: 

4>Bj • d = B^27r(2) ^ Pp(8), = 8.0 10"^ T. 

According to the right-hand rule, at the point of Interest is directed out of 
the page. 

To find contribution from the upper v/ire, we inteQrate around a circle 

of 4.0 m radius that is concentric with the upper wire. Note that we inclade only 
the upper current '^^lement in the term for enclosed current, because we have divided 
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this problem into two parts, each of which involves only one current-carrying 
wire- The result is 

• dt = B22Tr(4) = »Jg(8), ^ ^ into the page. 

How to find the net^ field at the point indicated, we superimpose these two partial 
solutions (principle of superposition) , obtaining 

\et " ^•'^ ^ 10'^ T out of the paqe. 
Note; The presence of a second wire does not destroy the symmetry of the t 
field from the first wire. The separate t fields just add together vectorially. 




Figure 6 



B(l). A hollow cylindrical conductor as shown in Figure 6 of radii a anrf b (a < b) 
carries a current I (out of the paper) uniformly spread over its cross 
section, . 

a) Show that the magnetic field B for points inside the body of the conductor 
that is, a < r < b) is given by 

!l! = [uoI/2ir(b2 - ahlUr^ - a^j/r]- 

Check this formula for the limiting case of a =^ 0 . r- 

(b) Hake a rough plot of the general behavior of B(r) from r - 0 to r 

Solution 

Since the current I is uniformly spread over the cross section between a and b, 
J (current density) = I/A = const, where A is the area between a and b: 

See Figure 7- Apply Amp&re's law 
• dt » 

around a circle of radius r such that a < r < b. Since the current is uniform, 

5i 
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there is no preferred point on the circle of radius r; therefore jBj rnust be 
constant on this circle. Since the lines of B are concentric circles outside the 
wire, there is no reason to suspect they are not likewise inside the wire. The 
direction of ^ is gained by the right-hand rule: the current coining toward ^ou 
(thumb), fingers curl in the direction uf f - 

Integrating around the circle in a counterclockwise direction dictates the 
current to be positive (right-hand rule), 

* dz = B dZ cos e = f B dZ cos e = B 4^ dZ^ 

since t and dt are in the same direction at every point, f dZ ^ Zitr - circumference 

of the circle, = B27Tr, The I in Ampere's law is the net current that 

2 2 

passes through the circular area of radius r. Since 3 - l/nib - a ), the current 

2 2 2 2 
interior to r is [I/?r(b - a )3ir(r - a ), Therefore 

BZiw - iiQirKr^ - a^)Mb^ - a^), j^j ^ [Mpl/2ir(b2 - a^mr^ - a^)/rh 
with the direction as shown in Figure 7- When a - 0, 

B = - ^0^^ 

ZHb^) ^ 2irb^ * 

2 

Check this for the limiting case, r « a. Then let b = 2a, K Mpl/6ira . Then 

mA 7. 2 ? ^2 

l^t ^ ^ J 2.) ^^^^) ^ ^i^-i^) fora < r < 2a. 




Figure 8 
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Figure 8 is a graph for b - 2a, which is not required for this problon. You 
could have chosen any other value for b as long as the point b Is somewhat near 
the center of the graph so that the curve of R versus r is easily seen. 

C(2). In Problem A, find the force per unit length on the bottom wire. 
^lution 

The t field caused by the top wire is given by 0ll • dt = jj-jI, as we found in 
Problen A: 

= -(|3(jl^/ard)k 

ft the J^ocation of the bottom wire. The force on the bottom wire is given by 

Thus the force per unit length is 

f/Z = -(I^IgVgjj/Zffd = -6.4 X lO'^J ti/m repulsion. 



■^Ij = 8A 



2 m 



l2=8A 



Fiqure 9 

D(3}. Imagine a current element I dt in which the current lies in the xv plane, 
and is directed to the right parallel to the x axis. What is the magnetic 
field at the origin if the current increment is located: 

(a) at the point (x, y, z) = (0, a, 0) m? 

(b) at the point (a, a, 0) m? 

(c) at the point (a, 0, 0} m? 



Solution 

(a) See Figure 10. r = -j. 



l\dt\ 
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■n. j-K. 

Alternately we could use \i x (-J)| = jil [sin(9D**)3 and the rlqht-hand 

rule, Fr(B) the right-hand rule, we would find, as above^ that points in the 
-z direction (into the page). 



Ay 



Figure 10 



/^ = a^^2 



Figure 11 



Ay 



Figure 12 



AAA A 

(b) See Figure 11, where r = (»^/2)(-1 - j). The »^/2 makes r a unit vector. 



aa*- Ifea 
(c) See Figure 12, where r = -i - 



E{3}* The wire shown in Figure 13 carries a current I* What is the magnetic 
field at the center C of the semicircle arising from: 
(a) each infinite straight segment, 

!b} the semicircular se^nt of R, 
c) the entire wire? 



r7\ 



Figure 13 

Solution 

(a) For the left-hand segment I dt is in the same direction as r, thus Idt x r = 
I dl sin 0" ' 0. See Figure 14. For the right-hand segment I dl is directly 
opposite of r, thus I dt x r = ,1 dXr sin 180* « 0. See Figure 15. Thus the straight 
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segiBents contribute zero to the field at C, since C is in a direct line with 
each segment. 

Figure 15 



Id! 



Figure 14 



c 



• 

c 



Idi 



(b) For the circular portion, I d? >c r = a vector whose magnitude is I dZ and 
h^ose direction is Into the page. Therefore, 



r 4tiR 



Mow since pg, I, and R are constants, 
]t\ = /dB = (pQl/4nR2)/d£. 

The jdz is just the length of the circular segment, (1/2)(2"R) = tiR. Thus 1b| 
is iiQl/4R and the direction of t is into the page. 

(c) The total B field, is just the vector sun of parts (a) and (b), or PqI/4R, 
into the page. 



Problems 

F(l). Two infinitely long wires carry currents of 3.00 A and 10.0 A as shown 
in Figure 16, At what polnt(s) In the plane of the paper is 8 = 0? 



5m 



JOA 



Figure 16 



Figure 17 
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G(1). a long coaxial cable consists of two concentric conductors with the 

dimensions as shown in Fiqure 17 (a = radius of inner conductor). The 
conductors carry equal currents but in the opposite directions- Find the 
B field at a distance r from the center, where (a) b < r < c; and (b) 
r > c. 



0 A. 



H(2). In Problem F, find the force per unit lenath on the top wire> carryina 
current I = 3.00 A, caused bv the bottopi wire, carryinq current I = 10. 

1(3), Imagine a current elei^nt I dt in which T ^ ^ 

the current lies in the ^ olane and Is (-2,1,0) I P ^ 

directed to the left parallel to the x f 

axis. Khat is the magnetic field dB 15^4^ > 

(niagnitude and direction), at the point ^ idT 

P = (0, 1, 0), if the current element , a* / 

is located at (a) (4, -1, 0) m? i 

(b) (-2, 1, 0) m? See Figure 18. Figure 18 

J(3), (a) A straight conductor is split in identical semicircular turns as shown 
In Figure 19. Uhat is the magnetic field at the center of the circular 
loop? ( Hint : This follows immediately from Problem E. Can you auess the 
answer?) 




Figure 20 

(b) A conductor as shown in Figure 20 consists of a circular arc of PO^ 
and two long wires leading to this arc. Find the B field at the center of 
the arc. 

Solutions 

F(l). 1.15 m from the 3,00-A wire and toward the 10.0-A wire. 

. 2 2 2 2 

G(l). (a) jB] = (MoI/2^'')t(c - r )/(c - b )]; direction is circular, clockwise. 

(b) t ^ 0. 

H(2). t = 1.20 X 10*^ N/m> dov/n (attraction). 
1(3). (a) dS = -MpIjdljk/SOji,^. (b) d^ = 0. 
J(3). (a) ^ = 0. (b) t =mqI/8R into the oaqe. 
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PRACTICE TEST 

K A long, strainht hollow (inner radius R, outer radius conductor in Figure 
21 carries a current I (ciit of paper) that is unifonnly distributed over the 
cross section. If r m^sures the position frog; the axis^of the^conductor, 
deteipine g (magnitude and direction) for (a) r = -(R/2)i, (b) r = 2Rj, and 
(c) r = 5Ri, 



2, A thin wire of length L carries a current Sl^parallel to the conductor of 
Problem 1- The wire is positioned at r = 5Ri from the axis of the hollow 
conductor. Determine the force (niaqnitude and direction) on this wire, 

3, Imagine a current element 1 dt in which the current lies in the xy plane and 
is directed downward and to the rioht at an anale of 45^ to the x axis; i,e,y 



Figure 21 




z 



What is the maqnetic field dt at the oriqin if the current elenent is located 
(a) at the point (2, 0* 0)? (b) at (-4, 0, 0)? 



-?(aiK)i/i°fi) (0) -Kawi^fie)- (q) -o (e) -i 



S^BMSUV JS3i BOlpB^tf 
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Mastery Test Fom A 

1 2 3 
Haine Tutor 



1. A current I is distributed uniformly gver the cyVindrical region 2R < r < 5R 
in Figure 1. The current is in the +k dirgction. 

Xa) Oetemine the inagnetic field at r - 3Ri. Answer in terns of p^, I, R, i» 

(b) Detemiine the value of r for which |b{ Is a maxiimim^ and calculate the 
niagnitude of B at that point. 




Figure 1 mure 2 

2. Two long parallel wires carry currents as shown in Fiqure 2. Oetemine the 

force on a 20.0-an lenqth of thR wire carrying the I-i current. I, = 1^ = 6^ A, 
a = 2.00 cm. t c 



3. A current element I dl = I d)I.(>^i + j)/2 lies in the xy olane and is directed 
upward and to the right at an angle of 30** with resoect to the x axis. What 
is the magnetic field dB (magnitude and direction) at the oriain if the curr*Jnt 
element is located at the point (2, 0, O) m? 
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3 
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1. (a) Currents of 61 and 81 are distributed unifomly in the cylindrical 

conductor as shown In ^ig)(re 1. Oetemine the mannetic field at point P in 
terns of I, pg, i, j, 

(b) A thin wire of length L carries a current 31 into the Paper at DOint P- 
It is "parallel'* to the cylindpc^l conductors, Oetemine the force on this 
wire in terns of I, R, i, j, k. 



2- A current-carrying wire is bent in the shape shown in Finure 2- 

(a) VJhich of the four segments A, 8, C, D contribute to the field at the 
point P? 

{b) What is the direction and magnitude of the field at P? 




(into paper) 



(out of paper) 



Figure 1 
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1- (a) A current of 31 is distributed uniformly in the cylindrical reqion 
R < r < 2R as shown in Figure 1. A current of 21 is uniformly distributed 
In a cylindrical conductor of radius R as shown. Determine the magnetic field 
at points 0 and P in terms of I, R, and constants. 

(b) A thin wire of length L carries a current 21 into the paper at point P, 
It is "parallel" to the two cyljndi;ical conductors. Determine the force on 
this wire in terms of I, R, L> i> j> ic, and other constants. 



AMPERE'S LAW 

Mastery Test Form C 

Name 




(out of paper) 



Figure 1 



2- Imagine a current element^ I <ii in which the current lies in the xy plane 

and Is directed upward anc) to the right at an angle of 53^ to the x axis, i.e., 

dt = dJl(0.6i + 0.83). 

What is the magnetic field dt {magnitude and direction) at the orioin if the 
current element is located at the point {2, 0, 0) m? 
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1- A solenoid consists of 500 turns of wire wound around a cylindrical shell 
KOO cm in radius and 10.0 cm long, Mhat is the magnetic field at the center 
of the solenoid when a current of 6.0 A is sent through the solenoid? 

2, Two wires carrying the same current I are bent into seniicircles as shown in 
Figure 1. The ends are then overlapped closely but not touching to fom a 
circle of radius R, as in Figure 2. Uhat is the niagnetic field at the center 
of the circle (direction and niagnitude}? 



Figure 1 



Figure 2 



3- Two long wires carry currents of 3.00 A and 10-0 A, as in Figure 3- What 
is the force per unit length on the bottou wire carrying 10.0 A? (The 
wires are separated a distance of 5-0 id.) 



J ^3A 

5m 

J= >JOA 



Figure 3 
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MASTERY TEST GRADING KEY - Form A 



1. What To Look For : (a) Oo they start off from Ampere's law? What fs f? 

Fraction of I enclosed by circle of radius 3R. How do you detemloe direction? 
(Apply right-hand rule, have student do it.) (b) How do you know B is maximuni 
at r = 5R? (See Figure 3D.) 

Solution ; (a) I(f = 3Ri) = ? • dt = Poi, 




t « C5ypI/42ir(3R)]j = [^^I/126nR]j. 

(b) See Figure 30. ^ is maxinium at r = SI. For (2R < r < SI), 



1^1 = ypUi*^ - 4R^)/2Trr(21R^). For 5R < r, \t\ = »ipI/2Trr. At r = 5R, 
l^l = ypI/lOrrR. 



B' 




Figure *: Figure 31 



2. What To Look For ; Are the directions for I from I2 correct? 
Solutfon ; From ^ f • dt = v^l, t at caused by equals -(yQl2/2Tra)j. 

,t t I I (1 ot^ ^ f_i^oS - r!^—j(h - ^ lo"^)(60)^(n.200)i 

f = (7.2 X 10"^)i N. 

3. What To Look For ; Do they start with the Biot-Savart law? 

Solution : See Figure 31 . 

. vA dt X r y^I dJl(t^i + j) (-i) ^ - ^ 

dt - -5 9 = -5 5 , r = -i, r - 2, dff = (y^I dJi/32ir)fc. 

4Trr^ 4Tr2(2^) " 
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1. What To Look For ; (a) Did they start from Ampere's law and get \t\ = ijgi72nr? 
What is 1? What is r? (b) Can they evaluate the cross product correctly? 

Solution : (a) Add t fields from each wire at P: 

/ 8 • dt = Mgi, 8gj = [Mo(6I)/2Tr(3R)3(-1) = -iVQimU* 

%1 = tMo(8I)/2Tr(2R)3(-j) = -{2uQim)h = -Om^IM).?. 

(b) f = it X -g = 3IL(-k) X (-3MoI/-rfl)j = -(9LI^Mfj/TiR)i, 

2, What To Look Fort (b) Do they start with Biot-Savart law or know where 

= MqI/4R comes from? 

Solution : (a) Only 8, D contribute. A and C have dt r = 0, 
(b) For a circle dB = (pqI da ^ r)/^^r . 

Idt) = (]1qI dJl)/4-irr^ (r = radius). 
For a half -circle; 

Therefore 

B - — la + V- 
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MASTERY TEST GRADING KEY - Form C 

1. Vlhat To Look For: (a) Do they start from Ampere's law?. How do you know 
direction? (right-hand rule) Why can you add B-j and B-,? {principle of 
superposition.) 

(b) Did they evaluate cross product correctly? 

Solution: (a) Field at 0 = ? 

^ B ' dt = PqI or Ib) = pQl/2Tir. 

From the 31 current, B = 0, zero radius. From the 21 current, 
t = [Po(2I)/2Ti7R]j = (p0l/7iTR)j. 

Field at P = ? From 31 current, 
t = [pQ(3I)/2Ti3R]j = (pQl/2TiR)j. 

From 21 current, 

t-' [pQ(2I)/27r4R]j = (iJipI/4TiR)j, t^^^^^ * (3p^I/4TiR)j. 

2 

(b) f = It X ^ = 2IL(-k) . = 

2- What To Look For : What is the Biot-Savart law? Is the cross product evaluated 
correctly? 

Solution : See Figure 32. 
r 

^ dil(0.6i + 0.8j) X (-?) O.SMnl dil . p^I t^^l - 



Id£ 
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MASTERY TEST GRADIfiG KEY - Fonn D 

1. What To Look For : How do you know the direction of 15? (right-hand rule on 
one wire) Can they derive B - MqIii from Amp&re's law? 

Solution: See Ficure 33. <pt ' <iZ = y^I for dotted rectanQle on sides 
D, C and $ . d? = 0. On side B, 8 = 0. So for side ^^ • dt = Bt. 
Total I inside = Ini, where n = turns/lenath and I = current in one turn. 
Therefore Bt » Uglni. 

I = Uglni, n = 500 turns/0,100 m = 5000 turns/in, 
^ = (4ii X 10"^)(6)(5000) ^ (3,77 x 10'^)i T, 




Figure 33 

2, What To Look For : How can you detennine direction? (right-hand rule) 

Can they derive each of these equations? (For the eiot-Savart law: r = const = R, 
fdt = 2iiR.) 

Solutio n: This is equivalent to two wires plus a current loop. Froiii Ampere's 
law: 

B = (i!Ql/2iiR)k, each straight wire. 

Circle (from Biot-Savart law): 

t ^ (i!oI/2R)k, = + l)lk, 

3. What To Look For : How do you know direction of tl (riQht-hand rule) Is the 
cross product evaluated correctly? 

Solution : B at bottom wire caused by tnp wire = {i!^^I/2iir)(-t'), 
t = (yQ3/2ii5)(-k), t = it at = OOSA) x C-(y(j3/107r)k1, 

h (^'^':;^°"'') j°(i.2o>io-^)jN/.. 
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FARADAY'S LAW 



IHTRODUCTIOrj 

Consider the electric light you may be using to read this module by and the 
Influence on your life style of the vast amounts of electrical energy produced 
In the United States. This module treats the fundamental principle that allows 
for the transformation of mechanical energy Into electrical energy. The physical 
law that governs the production of electric current Is named after Its discoverer, 
Michael Faraday- 



PREREflUISITES 



Before you begin this module, 
you should be able to: 



Location of 
Prerequisite Content 



^Calculate scalar products {needed for 
Objectives 1 through 3 of this module] 

*Use Ohm's law to determine the current, 
knowing the resistance and voltage {needed 
for Objective 3 of this module) 

^Glven the current direction, determine the 
direction of the magnetic field; or given 
the direction of the magnetic field, 
determine the direction of the source 
current {needed for Objectives 2 through 
4 of this module) 



Vector 
Multiplication Module 

Ohm's Law 
Module 



Ampere's Law 
Module 



LEARNING OBJECTIVES 

After you have mastered the content of this module, you will be able to; 

1- Faraday's law - Write the equation for Faraday's law in the form C - -d^/dt 
and define all terms with correct units. 

2- Magnetic flux - Determine the magnetic flux or the tfme rate of change of 
the magnetic flux for an area In a magnetic field* 

3, Application of Faraday's law - Determine, using Farad^^y's law, the Induced 
current and/or voltage for a situation involving either (a) a stationary 
circuit in a time-varying magnetic field, or {b) a conductor moving In a 
maanetic field. 
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4, Lenz's law - Apply lenz's law to a situetion as listed in Objective 3 to 
detemine the direction of the induced current and explain your reasoning. 



GEHERAL COMMEHTS 
1. Faraday's Law 

In this module you will be held responsible for the following form of Faraday's 
law: 

£ = -d^/dt, 
where the magnetic flux is 

^ = ^ - d^. 

The induced emf is produced by the time rate of change of the magnetic flux. This 
is the fundamental principle of the generation of electrical energy. This form of 
Faraday's law allows us to calculate the induced emf caused by a time-varying 
magnetic field or a moving circuit in a magnetic field, 

Uhat is the induced emf? The voltage induced in a circuit is produced by an 
electric field (force per unit charge] acting over the current path (circuit): 

This is the work required to move a unit charge around a complete circuit. In 
this case> the force that produces the electric field is magnetic in origin and 
therefore produces a nonconservative force or electric field En- The integral 
of a nonconservative force r-er unit charge over a complete path is not equal to 
zero but, rather, is equal to the work done per unit charge, which is the induced 
emf. Mechanical work is required to produce a current in a magnetic field* The 
operation of the Betatron is based on this equation. 

The complete fom of Faraday's taw is 

ft^ ^ dt ^ -d^/dt, 

where the left-hand side is the induced emf and the right-hand side tells you hov/ 
to calculate the induced emf. This form suggested that there is a very Intimate 
relationship between electric and magnetic fields. 

Why have we chosen to test you on the first listed form of Faraday's law? 
In a certain sense, the decision is arbitrary because a relativistic treatment 
of electric and magnetic fields shoviS that they are merely different perspectives 
of the same quantity* v/hich depends on the velocity of the observer. The reason 
for using the form £ » -d(j>/dt is that it is more useful for a course at this 
level, A future module Inductance is based on this form of Faraday's law. The 
complete form of Faraday's law is very pov/erful, but its usefulness is more 
readily seen in an advanced course in electricity and magnetism. 
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2, Lenz's Law 

The minus sign in Faraday's law can best be explained by the use of Lenz's law- 
Lenz's law> or the niinus sign in Faraday's 1aw> is nierely a consequence of the 
conservation of energy. It tells us that we roust do mechanical work to rotate 
a loop of wire in a magnetic field to produce electrical energy- 
Objective 4 requires that you explain your reasoning for determining the direction 
of the induced current. It is suggested that you answer this question in tenns 
of the first cause; for example^ rotating a coil in a magnetic field requires a 
torque> and your answer should be in terms of the (direction of the induced current 
that would oppose this rotation. 



3, Units 

You have experienced the confusion produced by different sets of units» and 
niaQnetic^field units are perhaps the worst. Textbooks use a variety of units» 
but this module {Problem Set» Practice Test» and Hastery Tests) will use webers 
(Mb) for magnetic flux, and teslas (l T = 1 WVm^) for magnetic fields. From 
Faraday's law it is possible to show that one volt = one weber per second- 
you may v;ish to prove this for yourself. 
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TEXT: Frederick J. Bueche, Introduction to Physics for Scientists and Engineers 
(KcGraw-Hill, Hew York, 1975), second edition 



SUGGESTED STUDY PROCEDURE 

First read General Comnents 1 through 3 and then read Sections 25.1 and 25*6 
in Chapter 25 of your text. Sections 25.2 through 25.5 will be treated in the 
nodule Inductance . 

The text's treatrBent of Faraday's law C^q- (25.2)3 and Lenz*s law is brief, but 
adequate. Study Probleins A through E and Illustrations 25.1 and 25,6 (first half 
only) before working Problens F tiirough I and 1, 3, 8, 9, and 21 In Chapter 25. 
Take the Practice Test before attempting a Mastery Test. 



BUECHE 



Objective 
Number 


Readings 


Probleins with Solutions 

Stutjy Text 
Gufde 


Assigned Problems 

Study Text 
Guide (Chap. 25) 


1 


Sec. 25.1 


A 








2 


Sec. 25.6 


B 




F 


21 


3 


Sees. 25.1, 


C, D 


nius.^ 25.1, 


G, H 


1, 3, 8 




25.6 




25.6 (first 












half] 






4 


Sec. 25.1 


E 




I 


9 



^Illus. = Illustration(s). 
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TEXT; David Halliday and Robert Resnick, Fundamentals of Physics (Hil^, 
Hew York, 1970; revised printing, 1974) 



SUGGESTED STUDY PROCEDURE 

F?rst read General Oxments 1 airough 3 and then read Chapter 31, Sections 31-1 
through 31-4. Equation (31-1) gives Faraday's law. Section 31-5 is not 
required but does have a limited discussion of the relationship between time- 
varying magnetic fields and electric fields as mentioned in General Conment 1. 

Study Problems A through E and Exanmles 1 and 2 in Chapter 31 before working 
Problems F through I and 3, 9, 16(a), (b), 17, and 20 in Chapter 31. Take the 
Practice Test before attempting a Hastery Test. 
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Objective 
Number 



Readings Problems with Solutions 

Stu(|y Text 
GuidG 



Assigned Problems 

StU(|y Text 
Guide (Chap. 31) 



1 Sees. 31-1, 31-2 


A 






2 Sees. 31-2, 31-4 


B 


Ex.^ 1 


F 


3 Sees. 31-1, 31-2, 
31-4 


C, D 


Ex. 1, 
2(b) 


G, H 3, 9(a), 

16(a), (b), 
17, 20 


4 Sec. 31-3 


E 


Ex. 2 


I 9(b) 


^Ex. » £xaaiiple(s). 
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4(SZ 1) 



TEXT; Francis Weston Sears and Kark H. lesnansky^ University Physics (Addison- 
Mesley, Reading, Mass., 197D), fourth edition 



SUGGESTED STUDY PRDCEDtIRE 

First read General Conments 1 through 3 and then read Chapter 33, Sections 33-1, 
33-2, 33-4, and 33-5. See especially Eqs. (33-3) and (33-6). Your text derives 
Faraday's law by starting with the expression for the nonelectrostatic force 
per unit charge. Section 33-2, '7he Search CGll," is an application of Faraday's 
law. 

Study Problems A through t before working Problenis F through I and the Assigned 
Problems from the text. Take the Practice Test before attempting a Kasteiy Test. 



SEARS AND ZEHANSKV 



(fejective Readings 
Huirdjer 


Prc^leins with Solutions 
Stud!/ Guide 


Assigned Problems 
Stu4/ Guide Text 


1 Sec. 33-1 


A 






2 Sees. 33-1, 33-2 


B 


F 


33-8(a) 


3 Sees. 33-1, 33-2, 
33-4 


C, D 


G, K 


33-6fb), 
33-8(b), 
33-9, 33-lD, 
33-1 5(c), (d) 


4 Sec. 33-5 




I 


33-2D, 33-21 
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TEXT: Richard T- Heidner and Robert I- Sells, Elementary Classical Physics 
(Allyn and Bacon, Boston, 1973), second edition. Vol. 2 



SUGGESTED STUPy PROCEDURE 

First read General Conments 1 through 3 and then read Chapter 31^ Sections 31-1 
through 31-4. See especially Eq. (31-5). Although not required, your text does 
have a partial discussion of the relationship between time-vaiying inagnetic 
fields and nonconservative electric fields in Section 31^5 and in particular on 
p. 632. 

Stutfy Exaniple 31-1 and Problems A through E before working Problems F through I 
and the Assigned Problems froiu your text. Take the Practice Test before 
attempting a Mastery Test. 



UEIDTJER mo SELLS 



Objecti ve 
Number 


Readings 


Problems with Solutions 


Assigned Problems 




Stucty Guide 


Text 


Stuc^r Guide 


Text 


1 Sec. 


31-1 


A 








2 Sees 


. 31-2, 31-3 


B 


Ex.^ 31-1 


F 




3 Sec. 


31-3 


C, 0 


Ex. 31-1 


G, H 


31-1(a), 31-2, 
31-8, 31-10(a), 
31-12 


4 Sec. 


31-4 


E 




I 


31-5 



^Ex. - Example{s). 
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PfiOBLEH SET WITH SOLUTIOilS 

A(l). Write the equation for Faraday^s law and define all tenns with correct units. 

Solution 

£ = -dj/dt (Faraday's law), 

where S is the induced voltage (volts), $ is the magnetic flux - /§ • d^ (webers), 
B i$ the magnetic field (webers per square meter, or teslas], and t is time 
(seconds) - 

B(2)- A square wire loop (edge d = 0.200 ni) is hinged as in Figure 1 so it can 
rotate about one edge. This loop is then placed in a ^ field of magnitude 
Bg = 1.50 T, directed perpendicular to the hinged edge. Express the flux 
through the loop as a function of the plane of the loop angle 8 with the 
magnetic field direction. 

Solution 
The flux is 

but f • dX - B dA sin 8 (careful with the angle), and B and 8 are constant; therefore 
4> = B sin 8/dA = BA sin 8 = (1,50 T)(0-200 m)^ sin 6 = (0.060 sin e) Wb. 

If 0 was 0^, then B and the plane of A would be parallel and there would be zero 
flux because the projection of ^ on S would be zero. 

C(3). Detemrine the magnitude of the induced emf as a function of time for 
Problem F. 
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Solution 

This is a situation of a time-varying magnetic field: 
8 = -d$/dt. 

We are interested in the magnitude of t and will therefore ignore ^e minus sign: 
^ = /§ • d^. 

I is a function of time but is uniform in space, therefore 
4. = /§ . dS = BpL^e*/*^, 

S = (d/dt)(BQLV^*^) = BQL^(d/dt)e'^*^ or £ = (BoL^/c)e'^*^, 

t/c 

Check the units and remen4>er that e ' is dimensionless* 

0{3}* A straight wire, t - 3.00 m long, wfiich is part of a circuit* moves in tfie 
plane of Figure 2 as shown with a velocity v = 10,01 m/s. If the angle 6 
is 30^ and the magnetic field has a magnitude of B = 0,120 T and is directed 
perpendicularly out of the paper* what is the magnitude of the induced etnf? 

Solution 

This IS a situation of a moving conductor in a constant magnetic field. The 
conductor sweeps out an area per unit time of jtv sin 6, therefore (ignoring the 
negative sign) Parade's law is £ = d4>/dt, where 

d|=^_/S.dJ.B<tvsi„e 

and 

£ = BJtv sin 6 = (0-120 T)(3.00 n))(10.0 rn/s)(l/2) = 1,80 V- 

For 0 = 0, the wire wojld not sv/eep out an area. If you wish you may check hotv 
reasonable this answer appears in tenns of the magnetic force on a moving charge 
F = qv X 8 and determine whether 0 = 0 or 6 = 90 v/ould give the greater charge 
separation, 

E(4}, Use Lenz's law to determine the direction of the induced emf in coil 2 in 
the folTov^/ing cases and explalir your reasarrtinig" C5J^^Ti"§ure^)T 

(a) 2 IS moved toward 1. 

(b) The current is decreased in 1. 
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Solution 

(a) The cause of the induced current is the movement of coil 2 tcrfard coil 1; 
therefore, the induced current luust be in such a direction as ta produce a force 
that will oppose this motion. Therefore, an induced emf froni B to A through the 
ineter will (using the right-hand rule) produce a magnetic field in coil 2 such 
that the magnetic interaction will be repulsive. 

(b) The cause of the induced current is the decreasing current that produces a 
decreasing field in coil 2. The induced current must be in the direction to com- 
pensate for the decreasing current field produced by coil 1. This would be 
produced by an induced emf from A to B tnrough the meter in coil 2 that would tend 
to compensate for the decreased field (using right-hand rule). 



Figure 4 

Problems 

F(2). Tha uniform magnetic field in Figure 4 acts in the square shaded region and 
varies in tine according to I = Bge'^^k, where B^ = 3.00 T, c = O.OlOO s, 
L - 0.40 m, and B = 0 elsewhere. Determine the magnetic flux at t = 0 within 
the circular wire. 



G(3). A magnetic field is uniform in space but varies with time as 5 = Bq(1 + t/c)(c, 
where B^ = 0.300 T, c = 1.00 T, and (c points out of the paper, A wire with a 
10.0-B resistance in the form of a square v/ith sides L = 0.50 m is 
arranged such that the plane of the v/ire is perpendicular to B. Determine 
the current in the ir/ire at t = 0. 

H(3), Oetermine the magnitude of the induced emf in Problem F at t = c. 

1(4). Use Lenz's law to determine the direction of the induced emf in coil 2 for 
the same situation as Problem E In the follo^/ing cases and explain your 
reasoning; 

(a) Cdil 1 is moved toward 2, 

(b) Current is increased in 1. 




Solutions 

F(2), ^ = BqL^ = 0.48 Wb (at t ^ O), 
in- the area L^. 

G(3). I = 0.0075 A. 

ERIC 



(Be caieful: the magnetic field exists only 
H(3). 131 V. 

1(4). (a) ?rm B to A through the meter, 
(b) From B to A through the meter. 
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PRftaiCE TEST 

1. The tnagnetic field in a certain region of space is given by 

tit) = 0,300 sin(100t)k T, 

2 

A 50-tum loop of cross-sectional area 0.60 m lies in the xy plane, 

(a) Write Faraday's law and define all tenns with correct units. 

(b) Calculate the flux through the coil at t = 0, 

(c) Use Faraday's law to calculate the magnitude of the induced emf in the 
coil at t = 0- 

2. A current-carrying solenoid is moved toward a conducting loop as in Figure 5. 
Use Lenz's law to detemiine the direction of the induced current and explain 
your reason, 




Figure 5 



*piouatos iddBu ptnoM ^eifx Pt3M oi'XBuSm e aonpoad 
Pt-^OM luaaano asLMpo^oaa^unoo v ^uopoui sm^ asocido o^ se uot^^^atp e yons 
ui aq :^snui doot atj:^ ul t^uaaano sii'x aao^aaatji 'Suia b^x pMm^ t^uauiaAoui sm si 
:^udaanD paonput dii'X asnsD a^l 'asiMpopaat^unoD aq t^uaaano paonput atji 'Z 

'A 006 = s/qH 006 = 
OOL)(i 0de'0)(ziu 09*d)(0S) = 3 *0 l *U00t so3 00t)00e'0)tfH = 

^ Cip/(iooL)uts(ooe*o)p] vN ^ (iP/ap)tfH ^ (tfa)(Wp)N = ^p/^p = 3 {^) 

*0 ^ (09'0K0)t'LS (00e*0)H = tf8H ^ tfp/OM ^ VP • fl/w = * (q) 

' (s^a:^aui aaenbs} 

eaae aaAo pa^eaSa^UL (se[sai) ^ ptay on^ufiBui ay^ ^ (saaqaM)gp . g/jj ^ ^ 
sj, xny aiii -(s^toAjg = ^uia paonput aiji 'ip/^p- - 3 sl Met s,^epeaej (e) 't 

O _ ^ saaMsuw ^sai a3u:>ead 
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FARADAY'S LAW 
Mastery Test Fom A 
Name 



Date 



pass recycle 
12 3 4 
Tutor 



A plane circular wire loop in Figure 1 of radius - 0*050 m and resistance - 2.00 
lies in the plane y - 0 in a ^patially uniform luagnetic field B = OJOO cos(2iit/8)j 

1. Write Faraday's law and define all terns with correct units. 

2. Calculate the niagnetlc flux through the loop at t = 1/6 s. 

3- Use Faraday's law to detenuine the induced current in the loop, 

4. Use Lenz's law to detemine the direction of the induced current in the loop 
at t = 1/6 s and explain your reason. 




Figure 1 
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Mastery Test Form B 



Name 



Date 



pass recycle 
12 3 4 
Tutor 



A conducting rod AB of length z makes contact with the metal rails CA and D6 in 
Figure 1- The apparatus is in a untform magnetic field 8 = 0,50lc T{into the paper) 
The rod moves with a velocity v - 4,0i m/s- 

1, Write Faraday's law and define all terms with correct units, 

2* Calculate the time rate of change of magnetic flux swept out by the wire* 

3- Use Faraday's law to calculate the magnitude of the induced emf* 

4* Use Lenz's law to determine the direction of the induced current and explain 
your reason- 




Figure 1 
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FARADAY'S LAM 
Master Test Form C 
Name 



Oate 



pass recycle 
12 3 4 
Tutor 



A circular viire coil of radius b in the plane of this Page and resistance R is in 
a uniform magnetic field that varies with time as B = Bpe'^^'O^ where Bp and tp 
are constant and the niagnetic field t makes an angle of ir/S with the plane of the 
coil , 

1. Write Faraday's law and define all terms with correct units. 

2- Calculate the magnetic flux through the circular wire at t = tp, 

3, Use Faraday's law to determine the magnitude of the induced current in the coiK 

4- Use Lenz's law to determine the direction of the induced current and explain 
your reason. 
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MASTERY TEST GRADING KEY - Form A 

K Solution : £ = -d^/ti £ is the induced voltage (in volts), ^ is the magnetic 
flux and equals ^ it {In webers}, and t Is the magnetic field (in tes.las}. 

2. VJhat To Look For : B is perpendicular to 

Solution : 4^ « /§' • dS. Sines 8 is perpendicular to ^, 

^ = 8A = (0.100 T)(cos ii/6)(25r x 10"* W^) = 1,25 x lo'* Kb, 

3. What To Look For : Differentiate t. 

Solution : £ = -d^/dt = -A(dB/dt) = -A[d(0,100 cos 2irt)/dt3 

= -A(0,100)(2« sin 2irt) = Sn^ x 10'* sin(2jrt) Wb/s, 

4. What To Look For : Cause is decreasing magnetic field. 

Solution : Magnetic field is decreasing in j direction; therefore the induced 
current must be countercTockv/ise {looking into the axis} to produce a 
magnetic field in the -t-j direction to conpensate for decreasing the magnetic 
field. 
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MASTERY TEST 6RADIH6 KEY - Form B 

1- Solution : S = -d4>/dt, where S is the induced voltage (in volts), ^ is the 
magnetic flux = /§ • (in webers), and t is the magnetic field (in teslas), 

2- What To Look Fer : Area swept out is jtv. 

Solution : d^dt = B£V = (0,50 T)(4,0 m/s)t ^ Zt VJb/s, 

3, Solution: £ = d$/dt = z% V, 

4. What To Look For : Cause is nkiving wire. The force on the current-carrying wire 
in a magnetic field- 

Solution: The cause of the induced current is the motion of the wire. The 
induced current must be in such a direction as to produce a force that will 
oppose this motion. The induced current will be counterclockwise and v/ill 

produce a force toward the left. 
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^^STERY TEST GRADIfiS KEY - Form C 

1- Solution : £ = -d4>/dt, where £ is the induced voltage (in volts), ^ is the 
magnetic field = • dt (In webers}, and t is the magnetic field (in teslas). 

2. Hhat To Look For : t is perpendicular to 
Solution: ^ = /f • dA = BA = {B^ehb^. 

3. What To Look For : Differentiate B. 

Solution : Z = d^/dt = A(dB/dt) = A(dBQe'''*0/dt) = (A8Q/t^)e''^^, 
I = C/R = (A8Q/tQR)e''/^, 

4. What To Look For : (tecreasing magnetic field is the cause of the induced current. 

Solution : The cause of the induced ojrrent is the decreasing magnetic field. 
The induced current must be counterclockwise, which will produce a magnetic 
field out of the page that vnll compensate for tlie decreasing magnetic field. 
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